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Around here, however, we don’t  
look backwards for very long. 
 
We keep moving forward, opening up new doors and 
doing new things, because we’re curious… 
And curiosity keeps leading us down new paths. 
 
Walt Disney 
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Summary 
Wildlife-vehicle collisions cause human fatalities as well as economic and ecological losses 
on roads worldwide. Multiple mitigation measures have been developed over the past 
decades, while wildlife warning reflectors for preventing animals from entering the road when 
vehicles approach enjoy great popularity due to their commendableness, manageability and 
comprehensive applicability. However, their efficacy is still in question because of 
contradictory study outcomes and also behavioral studies could not find any long-term 
reaction of animals in the presence of the reflectors that would reduce the number of 
collisions. The task of this thesis, within the framework of a large-scale project initiated by 
the Germany Insurance Association (GDV), was to objectively analyze contradictions in 
literature, to evaluate the influence of modern reflectors on collisions with wildlife and on 
wildlife behavior.  
In a first study, a comprehensive literature survey was carried out to evaluate 
disaccords in previous studies as well as other methodological differences that might explain 
the variation in study outcomes. The effect size of wildlife warning reflectors on the 
frequency of wildlife-vehicle collisions across all available data was assessed within a meta-
analysis. The meta-analysis on literature data revealed that only studies applying a before-
after design, effective study duration of < 12 months and considerably short testing site 
lengths of < 5 km found an effect of the reflectors. 
Our second and main study focuses on the efficacy of modern wildlife warning 
reflectors to mitigate wildlife-vehicle collisions on roads. Three different optic reflector types 
that are most widely spread in Germany, as well as one opto-acoustic model were tested on 
151 testing sites of approximately 2 km each in a prospective, randomized non-superiority 
cross-over study design for 24 months. Our results show that wildlife warning reflectors did 
not lower the number of collisions with ungulates by a relevant amount. 
   SUMMARY 
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Finally, since few studies as well as hunters and manufacturers have reported a 
potential short-term effect of the reflectors on animal and driver behavior, we tested the 
reaction of ungulates towards oncoming vehicles and drivers to animals near the road 
considering a potential habituation effect in a third study. We could not find any behavioral 
response of ungulates or humans with reflectors present that would have lowered the risk of a 
collision, as the devices did not influence the reaction of animals to oncoming vehicles or 
motorists to wildlife near roads from the very beginning. 
Considering the results of our first study, applying study designs without controlling 
for other, confounding factors such as a before-after study design, is not appropriate for 
evaluating the impact of an intervention due to the lack of independence from different levels 
of single treatments and true replications. A potential change after the implementation of a 
treatment cannot simply be assigned to that impact but to other factors as well. Moreover, the 
constant frequency of wildlife-vehicle collisions and the invariable responses of wildlife to 
approaching vehicles in the presence of the reflectors in our second and third study might be 
caused by the visual abilities of non-human mammals as well as the reflective properties of 
the reflectors. It has been shown for crepuscular and nocturnal animals that they are 
dichromatic, i.e. they cannot perceive long-wave light, and visual adaptations to rapid 
increases in light intensity such as headlights of approaching is considerably slow. 
Additionally, the light reflected from wildlife warning reflectors is already very low at close 
distances near the devices and overlaid by the headlights of approaching vehicles. Under these 
conditions, a potential efficacy of the reflectors is questionable anyway. Based on our results, 
we conclude that wildlife warning reflectors are not effective for mitigating wildlife-vehicle 
collisions on roads. 
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Zusammenfassung 
Wildunfälle verursachen nicht nur menschliche Todesfälle, sondern auch einen hohen 
wirtschaftlichen und ökologischen Schaden. In den vergangenen Jahrzehnten wurden 
verschiedene Gegenmaßnahmen entwickelt, wobei sich insbesondere Wildwarnreflektoren 
aufgrund ihrer Handhabung, Preiswürdigkeit und umfangreichen Anwendbarkeit großer 
Beliebtheit erfreuen. Ihre Wirksamkeit steht jedoch noch immer in Frage, da verschiedene 
Untersuchungen zu widersprüchlichen Ergebnissen kommen und auch keine 
Verhaltensänderung von Tieren in Anwesenheit der Reflektoren gefunden wurden, die die 
Anzahl an Wildunfällen langfristig reduzieren würde. Das Ziel dieser Arbeit bestand daher 
darin, im Rahmen eines vom Gesamtverband der Deutschen Versichererungswirtschaft 
(GDV) initiierten Großprojektes, Widersprüche in der Literatur objektiv zu analysieren, den 
Einfluss moderner Wildwarnreflektoren auf Wildunfälle zu bewerten und eine kurzfristige 
Verhaltensänderung von Wildtieren in Anwesenheit der Reflektoren zu untersuchen.  
In einer ersten Studie wurde eine umfassende Literaturrecherche durchgeführt, um 
Widersprüche aus früheren Untersuchungen sowie methodische Unterschiede zu bewerten. 
Die Wirksamkeit von Wildwarnreflektoren auf die Häufigkeit von Wildunfällen wurde im 
Rahmen einer Meta-Analyse unter Einbezug aller verfügbaren Daten untersucht. Dabei wurde 
gezeigt, dass nur Studien, die einen Vorher-Nachher Vergleich, eine kurze Studiendauer < 12 
Monaten und kurze Teststreckenabschnitte < 5 km vorwiesen, einen Einfluss der Reflektoren 
feststellten. 
Unsere zweite und gleichzeitige Hauptstudie konzentrierte sich auf die Wirksamkeit 
moderner Wildwarnreflektoren auf die Wildunfallhäufigkeit auf Straßen. Drei verschiedene 
optische Reflektortypen, die in Deutschland am häufigsten verbreitet sind, sowie ein opto-
akustischer Reflektor wurden an insgesamt 151 Teststrecken von jeweils etwa 2 km Länge in 
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einem randomisierten non-superiority cross-over Versuch über 24 Monate getestet. Die 
Ergebnisse zeigten, dass Wildwarnreflektoren die Anzahl an Wildunfällen nicht beeinflussten. 
Da einige Studien sowie Jäger und Hersteller von einer möglichen kurzfristigen 
Wirkung der Reflektoren auf das Tier- und Fahrerverhalten berichten, wurde die Reaktion der 
Tiere auf herannahende Fahrzeuge und die Reaktion von Fahrzeugführern auf Tiere in 
Straßennähe unter Berücksichtigung eines möglichen Gewöhnungseffektes in einer 
abschließenden dritten Untersuchung getestet. Dabei wurde keine Verhaltensänderung der 
Tiere und Fahrzeugführer in Anwesenheit von Wildwarnreflektoren festgestellt, unabhängig 
von der Dauer ihrer Anwesenheit, die das Risiko eines Wildunfalls verringert hätten.  
Unter Berücksichtigung der Ergebnisse unserer ersten Studie ist die Anwendung von 
Studiendesigns ohne die Kontrolle anderer erklärender Einflussfaktoren, wie etwa eines 
Vorher-Nachher-Vergleichs, nicht geeignet, um die Auswirkungen eines Eingriffs auf die 
Umwelt zu erfassen. Eine mögliche Veränderung nach Durchführung der Maßnahmen kann 
nicht diesem Eingriff, sondern auch anderen Faktoren zugeordnet werden. Die Ergebnisse 
unserer zweiten und dritten Studie, die unveränderte Häufigkeit von Wildunfällen und die 
gleichbleibende Reaktion von Wildtieren auf Fahrzeuge und Fahrern auf Wildtiere in 
Anwesenheit der Reflektoren, liegt vermutlich in den physiologischen Eigenschaften von 
nicht-menschlichen Säugetieren sowie in den reflektierenden Merkmalen der Reflektoren 
begründet. Dämmerungs- und nachtaktive Tiere sind dichromatisch, d. h. sie können kein 
langwelliges Licht wahrnehmen, und visuelle Anpassungen an schnelle Lichtänderungen, z.B. 
das Annähern von Scheinwerfern, geschehen langsam. Zudem ist das reflektierte Licht in 
unmittelbarer Nähe der Reflektoren bereits sehr gering und wird darüber hinaus von den 
Scheinwerfern der herannahenden Fahrzeuge überlagert. Unter diesen Voraussetzungen ist 
eine mögliche Wirksamkeit der Reflektoren ohnehin fragwürdig. Auf der Grundlage unserer 
Ergebnisse kommen wir daher zu dem Schluss, dass Wildwarnreflektoren nicht geeignet sind 
Wildunfälle zu vermeiden.  
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1.1 Global traffic network  
The global traffic network is constantly growing and terrestrial transport systems have already 
reached a total length of more than 64,285,000 km (CIA, 2017), influencing our environment 
in direct and indirect ways. While 1 - 2% of the landscape are covered with roads, resulting in 
a direct loss of habitat as well as changes of microclimate due to alterations of wind, air/ soil 
temperature and water runoff, the road-effect zones even cover 15 - 20% of the terrestrial 
surface (Forman and Alexander, 1998, Forman et al., 2003). These are further affected by 
pollutants, salts as well as light and noise emissions (Forman and Deblinger, 2000, Biglin and 
Dupigny-Giroux, 2006, Jordaan et al., 2009). Thus, roads alter abiotic and biotic processes 
(Honu and Gibson, 2006, Delgado et al., 2007). The effects and their pathways are very 
diverse and the evaluation strongly depends on the considered subject of protection or species; 
effects might be positive or negative. 
Roads may provide new corridors or create new habitats and retreats (Dar et al., 2015, 
Abrahms et al., 2016). Since many insects are attracted by roads, e.g. due to light pollution, 
several predator species, such as bats, benefit from more abundant foraging habitats (Myczko 
et al., 2017). Moreover, constructing roads increases open areas, thus attracting light-
demanding species concomitant with the displacement of other species, i.e. the edge effect 
(Vos and Chardon, 1998, Ortega and Capen, 1999). However, the negative effects of roads on 
the environment outnumber the positive effects up to five-fold (Fahrig and Rytwinski, 2009). 
For instance roads favor the spreading of invasive alien species and diseases to remote areas 
(Porembinski et al., 1996, Goosem and Turton, 2006). Furthermore, roads allow easier access 
to previously untouched parts of extensive forests (e.g. Geist and Lambin, 2002, Perz et al., 
2008) and exert a strong impact on biodiversity loss due to deforestation (Fearnside, 2005, 
Finer et al., 2008). Thus, the physical presence of roads destroys habitats, increases 
fragmentation and interrupts ecological processes (cf. Forman and Alexander, 1998).  
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Additionally, for most non-airworthy terrestrial animals roads present a barrier that limits free 
movement of individuals, thus causing fragmentation and isolation of populations (Mader, 
1984, D’Amico et al., 2016, Van der Ree et al., 2007). Animals that overcome these barriers 
are exposed to run overs, which threatens the existence of rare species and, of course, impairs 
road safety (Beben, 2012). Collisions with wildlife are probably one of the most considered 
effects of infrastructure and traffic on the environment, as signified by remnants commonly 
found alongside roads (Santos et al., 2011). 
1.2 Wildlife-vehicle collisions 
Since the beginning of the automobile era wildlife-vehicle collisions have strongly determined 
the environmental impact of road traffic and thus increasingly threatened both humans and 
wildlife (Stoner, 1925). So far, reliable data on economic and ecological costs are given only 
for few countries over the past decades (cf. Langbein et al., 2011). The number of collisions 
with wildlife seems to rise consistently, as both traffic and global road network continue to 
increase. Forman and Alexander (1998) already resumed 20 years ago that “sometime during 
the last three decades, roads with vehicles probably overtook hunting as the leading direct 
human cause of vertebrate mortality on land.” Estimated numbers of road-killed animals have 
already been high in the past decades, for example 4 million estimated annual road-killed 
birds in the 1960s in the UK, 1.5 million mammals in Denmark every year in the 1980s, 2 
million annual road-killed birds in the Netherlands and 4 million vertebrates in Belgium per 
year in the 1990s (Hodson, 1966, Hansen, 1982, van den Tempel, 1993, Rodts, 1998). More 
recent numbers estimate 10 million dead mammals, birds, reptiles and amphibians on roads in 
Spain every year (Mata et al., 2005). In Germany, 263,000 traffic collisions with ungulates 
were officially reported in 2016 (GDV, 2017).  
Even if people are rarely killed or injured by such accidents, the economic costs are 
enormous. Recently reported collisions with wildlife in Germany are associated with an 
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economic loss of almost 0.7 billion Euros (GDV, 2017). In addition, it is assumed that a great 
amount of collisions with wildlife remains unreported. The actual number of wildlife-vehicle 
collisions is estimated to be three-fold higher than the number of officially reported collisions, 
as reported for the US and Canada (Huijser and Kociolek, 2008, Snow et al., 2015, Hesse and 
Rea, 2016). Ecological consequences of collisions with wildlife depend on species, their 
population size and growth rate. For rare species, collisions with vehicles may cause a serious 
threat (Harris and Gallagher, 1989). For example, 50% of the endangered Florida panther 
(Puma concolor coryi) and Florida Key deer (Odocoileus virginianus clavium) were found to 
be killed by road traffic (Harris and Scheck, 1991, Forman ad Alexander, 1998, Braden et al., 
2008). Analogously, 10% of the Iberian lynx (Lynx pardinus) and 20% of the Dutch badger 
population (Meles meles) are known to be lost by traffic collisions ((Rodriguez and Delibes, 
1992, Broekhuisen and Derckx, 1996). Other species, such as the European hare (Lepus 
europaeus), Red foxes (Vulpes vulpes), House sparrows (Passer domesticus) or crows 
(Corvus corone) are affected with less than 5% of their population (Bennett, 1991, Rodts, 
1998, Cederlund, 1998, Mysterud, 2006, Massai, 2015). The same amount accounts for 
ungulates such as roe deer (Capreolus capreolus) and wild boar (Sus scrofa), which are 
widespread in Europe (Cederlund, 1998) and mainly involved in wildlife-vehicle collisions in 
Germany (GDV, 2017).  
Wildlife-vehicle collision hotspots depend on species and cluster in space and time 
(cf. Gunson et al., 2011, Bíl et al., 2016). For low-mobility species, such as amphibians, 
animals are mainly killed where roads pass close to hatcheries, wetlands and food supply. 
Moreover, most amphibians are run over during migration to and from the breeding grounds 
(cf. van Gelder, 1973, Ashley and Robinson, 1996). Other species, especially large mammals, 
are less dependent on a specific habitat and utilize landscapes at a different spatial scale. The 
spatio-temporal distribution of collisions with such species is well analyzed by ecologists 
(Gundersen and Andreassen, 1998, Ramp, 2005, Litvaitis and Tash, 2008, Hothorn et al., 
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2012, Bíl et al., 2013, Visintin et al., 2016). Local factors, such as land-use patterns, forest 
coverage and agricultural fields influence the occurrence of collisions with wildlife (Malo et 
al., 2004, Seiler, 2005, Gunson et al., 2011). Other temporal patterns such as time of the day 
animals’ and species’ activity phase or phase of the moon also play a role in the occurrence of 
wildlife accidents (Peris et al., 2005, Langbein et al., 2011, Hothorn et al., 2015, Colino-
Rabanal et al., 2018). Thus, identifying time and place of increased risks for collisions with 
wildlife improves the implementation of suitable countermeasures. 
1.3 Mitigation measures to reduce collisions with wildlife 
Nowadays, over 40 different types of mitigation installations exist like fencing, 
warning signs and odor repellents to reduce wildlife-vehicle collisions (Hedlund et al., 2004, 
Rytwinski et al., 2016). The choice of measures, however, is still in question because 
sufficient information on the efficacy in reducing collisions with wildlife is missing. 
Moreover, the associated costs for different mitigation measures have a wide range (Glista et 
al., 2009, Rytwinski et al., 2016). Mitigation measures are either aimed (1) to separate traffic 
and wildlife, (2) to warn humans against frequent movements of animals, and/ or (3) to alter 
wildlife behavior by reducing the attractiveness of roads or by warning and if necessary, 
scaring away animals from roads and approaching vehicles.  
(1) Reducing the coincidence of traffic and wildlife includes the reduction of 
population densities of species with enhanced risk for wildlife-vehicle collisions by trapping 
and resettlement, increased hunting pressure or by separating traffic and animals through 
fencing (DeNicola and Williams, 2008, Rutberg and Naugle, 2008, Huijser et al., 2007, 
Rytwinski et al., 2016). Trapping and resettlement are not feasible due to excessive costs, the 
risk of transmitting diseases, the lack of suitable resettlement areas or due to ethical reasons 
considering the high stress for animals (Conover, 1997, Conover, 2002). Thus, lethal 
regulation might be more applicable to reduce the number of individuals near roads and is 
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accompanied by some positive effects such as a reduction of ticks, tick-born encephalitis and 
Lyme disease or a reduction in browsing damage in managed forest areas (Conover, 1997, 
Stafford et al., 2003, DeNicola and Williams 2008). However, other studies could not find any 
correlation between the population density of target species and the risk of wildlife-vehicle 
collisions (Case, 1978, Waring et al., 1991). Moreover, a reduction of wildlife density is 
controversial, assuming that the effect occurs locally only, and because lethal regulation is 
often rejected by the public (Conover, 1997, Hedlund et al., 2004, Storm et al., 2007). 
Similarly, measures of traffic density regulation are only rarely tolerated by the public. Thus, 
the number of vehicles is difficult to control, especially in regions with regular traffic, i.e. 
commuter traffic (Storm et al., 2007).  
Accordingly, separating traffic and animals primarily means making roads 
inaccessible for wildlife via fences, with or without crossing possibilities (Falk et al., 1978, 
Putman, 1997, Clevenger et al., 2001, Huisjer et al., 2007). Negative effects such as 
disrupting landscape permeability or migration routes should be counteracted to avoid 
isolation of populations (as reviewed in Rytwinski et al., 2016). Alternatively, crossing 
structures can be implemented as over- or underpasses such as landscape bridges, greens 
bridges, small bridges, tunnels or drainage channels, depending on target species (Forman et 
al., 2003, Knapp et al., 2004, Beben, 2016, Van der Ree et al., 2015). Although the efficacy of 
fencing with and without crossing structures has been documented in several studies, 
including meta-analyses of road mitigation measures, construction and maintenance are 
highly cost- and time-consuming (Falk et al., 1978, Putman, 1997, Clevenger et al., 2001, 
Bissonette et al., 2008, Mastro et al., 2008, Huijser and McGrowen, 2010, Rytwinski et al., 
2016). Thus, fencing cannot be implemented when the budget is low, besides the fact that 
comprehensive installations of fences are unrealistic and would increase the barrier effect 
without implementing a big number of crossing structures. 
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(2) Since animals usually cross roads directly, a common method is to warn people 
with wildlife warning signs or to implement speed limits in vicinity to wildlife accident 
hotspots (Marcoux et al., 2005, Sudharsan et al., 2009). Training on the risk factors of wildlife 
accidents also provides opportunities to take preventative action (Marcoux et al., 2005). 
Nevertheless, these measures are ineffective on the long run due to habituation to warning 
signs or ignorance of speed limit signs (Beben, 2012). To avoid habituation, warning signs 
could be attached seasonally only or animal detection systems could provide information only 
when animals are approaching certain areas (Sullivan et al., 2004, Mastro et al., 2008, Strein 
et al., 2008). Studies show that these detection systems might lower collisions with wildlife 
by 57%, probably because motorists reduce speed and increase attention towards wildlife near 
the roads (Hammond and Wade, 2004, Huijser et al., 2006, Rytwinski et al., 2016). However, 
such animal detection systems are also accompanied by high costs for construction, fencing 
and maintenance (Kruidering et al., 2005, Huijser et al., 2007). 
(3) Less cost-intensive measures keep animals away from roads by aiming at altering 
their behavior. A reduction of food supply in proximity to roads, alternative feeding points, or 
a reduction of salt-spreading during winter decreased the attractiveness of roads (Forman and 
Alexander, 1998, Wood and Wolfe, 1988, Donaldson, 2007). Additionally, scaring devices 
such as deer whistles or olfactory repellents were developed to prevent animals from entering 
the road when a vehicle is approaching. However, the efficacy of these measures is doubtful 
as deer was not found to distinguish between cars with and without whistles (Romin and 
Dalton, 1992). Studies on acoustic warning advices have also not been able to detect a lasting 
effect on roe deer behavior due to habituation (Ujvári et al., 2004). Furthermore, studies on 
the efficacy of olfactory repellents are inconsistent. Most studies did not show any influence 
of repellents on collisions with ungulates (Putman, 1997, Danielson and Hubbard, 1998, 
Hedlund et al., 2004, Knapp et al., 2004, Elmeros et al., 2011). In addition, the use of 
repellents did not alter the behavior of red deer (Cervus elaphus), sika deer (Cervus Nippon), 
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fallow deer (Dama dama), European mouflon (Ovis orientalis musimon) or roe deer in 
captivity that might reduce the chance of collisions (Lutz, 1994). However, a recent study on 
olfactory repellents indicate a reduction of wildlife-vehicle collisions by up to 43%, although 
the number of recorded collisions (N = 201) was rather low (Bíl et al., 2018). Finally, optic 
scaring devices, so-called wildlife warning reflectors, are supposed to reflect the headlight of 
an approaching vehicle to the road shoulder, potentially deterring wildlife from entering the 
road when a vehicle is passing by. 
1.4 Wildlife warning reflectors 
While most other mitigation measures are accompanied by high costs for construction and 
maintenance wildlife warning reflectors are comparatively cheap to buy, easy to handle, 
require little effort for maintenance and can be mounted to guidance posts almost 
comprehensively along roads. The reflectors exist on the market since the early 1960s and are 
available in a variety of models and colors. They are supposed to defer wildlife from entering 
the road for the duration of the passing vehicle reflecting the head light radiation of 
approaching vehicles to the road shoulder or by creating a light fence in front of the driving 
vehicle (e.g. Beilharz, 2017, Schilderwerk Beutha, 2017).  
“Van de Ree” mirrors and “Ruppert” reflectors were among the first models, 
developed in the Netherlands and the US (McLain, 1964, Queal, 1968). More commonly 
applied and tested models are “Swareflex” warning reflectors, developed by Swarovski in 
1973 in Austria (Rudelstorfer and Schwab, 1975) and “Strieter Lite” reflectors, developed by 
Strieter Corp. in 1994 in the US (Barlow, 1997). Other, less common reflectors (Bosch, 
“WEGU” and “AWIWA” reflectors), were developed in Germany (Gladfelter, 1984, Ujvári et 
al., 1998). Nowadays, more wildlife warning reflector models are available with reflective 
films in short wavelengths, such as green and blue, due to color sensitivity of ungulates (e.g. 
Ahnelt et al., 2006, Beilharz, 2017, Brieger et al., 2017a, Brieger et al., 2017b, Kämmerle et 
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al., 2017, Schilderwerk Beutha, 2017). Even though the market offers a broad spectrum of 
reflector models, their efficacy is still unclear and many different studies comment on 
contradictory results (cf. Brieger et al., 2016, Rytwinski et al., 2016). 
1.5 The dilemma of contradictory studies – the incitation for this thesis 
While some studies claimed reflectors would effectively reduce collisions with wildlife (e.g. 
McLain, 1964, Ladstätter, 1974, Rudelstorfer and Schwab, 1975, Gladfelter, 1984, Schafer et 
al., 1985, Ingebrigtsen and Ludwig, 1986, Hildebrand and Hodgson, 1995, Pafko and Kovach, 
1996, Stoyan, 2000, Grenier, 2002), others did not prove any reduction in wildlife-vehicle 
collisions when reflectors were present (e.g. Boyd, 1966, Beauchamp, 1970, Barlow, 1997, 
Jared, 2002). Moreover, wildlife behavior studies and analysis of collision numbers did not 
find evidence for alternating behavior in response to wildlife warning reflectors across 
different species, which could reduce wildlife-vehicle collisions in the long term through 
direct observations (e.g. Lehtimaki, 1979, Zacks and Budde, 1983, Griffis, 1984, Waring et 
al., 1991, D’Angelo et al., 2006, Gulen et al., 2006, Ramp and Croft, 2006, Brieger et al., 
2017a, Kämmerle et al., 2017). 
These contradictions gave rise to the initiation of a large-scale project by the German 
Insurance Association (GDV) in 2013 to finally evaluate the efficacy of wildlife warning 
reflectors to prevent wildlife-vehicle collisions on roads, which was initiated by T. Vor, T. 
Hothorn and C. Ammer and includes the thesis at hand. The project “Evaluation of the 
Efficacy of Wildlife Warning Reflectors to Mitigate Wildlife-Vehicle Collisions on Roads” 
comprises three largely independent sub-projects on the efficacy of wildlife warning 
reflectors, focusing on the questions (i) why study results in literature are contradictory, (ii) if 
modern wildlife warning reflectors can reduce the number of wildlife-vehicle collisions, and 
(iii) if ungulates or motorists might react to the reflectors, at least in the beginning, but 
habituate to these devices over time. 
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1.6 Objectives, approach and hypotheses 
The main focus for this doctoral thesis was the underlying question of whether wildlife 
warning reflectors are a suitable measure to reduce collisions with wildlife (Chapter 3). This 
analysis was conducted by applying a randomized non-superiority cross-over design with 
temporal and spatial controls and an extensive sample size. In this context, a thorough 
literature study was carried out, as already a number of studies on the efficacy of wildlife 
warning reflectors exist (Table 2.2). Based on the contradicting results provided by previous 
studies, which have applied a variety of study designs, the influence of certain variables and 
conditions on the study results was examined in order to explain former contradictions 
(Chapter 2). Since some studies also implied a temporary influence of the reflectors on 
animals, an initial reaction of wildlife towards vehicles when reflectors were present that 
might lower the risk of collisions was evaluated. Moreover, the impact of reflectors on human 
behavior as well as a potential shift of reaction intensity was examined (Chapter 4). 
The main objectives of the dissertation at hand were: 
i) to evaluate the contrasting findings on the effectiveness of wildlife warning 
reflectors in the literature and to identify significant variables on previous study 
results. 
ii) to determine the efficacy of wildlife warning reflectors to mitigate collisions with 
wildlife. 
iii) to analyze the response of ungulates towards oncoming vehicles and the driving 
behavior of motorists in response to the presence of wildlife warning reflectors. 
iv) to ascertain if an initial difference in response to oncoming vehicles diminishes 
over time when wildlife warning reflectors are present. 
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The objectives were achieved by: 
September 2014 – December 2016 
Testing sites were equipped with dark- and light-blue, as well as with opto-
acoustic reflectors, while applying a randomized non-superiority cross-over 
study design. 
 
May 2015 – December 2017 
Testing sites were equipped with multi-colored wildlife warning reflectors in 
accord with a randomized cross over study design.  
 
January 2015 – November 2016 
Evaluation of environmental factors, analyzing variables such as sinuosity, 
surrounding landscape, agriculture, guard rails and signage, height of road side 
vegetation and completeness of the experimental setup through regular 
inspections. 
 
August 2015 – September 2016 
Wildlife observation videos were taken using two thermal network cameras, 
which were maintained weekly and relocated every two months. 
 
October 2016 – March 2017 
Literature survey and meta-analysis of data in literature. 
The following hypotheses were tested: 
1a) existing study results can be explained by the specifics of study designs, and  
1b)  a meta-analysis of previous studies identifies minimal requirements for a successful 
study design.  
2a)  Modern wildlife warning reflectors do not reduce wildlife–vehicle collisions by a 
 relevant amount, and 
2b)  other environmental variables do not influence the inefficacy of the reflectors. 
3) If the reflectors would influence the behavior of animals and humans at roads, 
ungulates 
CHAPTER 1  INTRODUCTION 
12 
3a) decrease road crossing events,  
3b) increase positive compared to negative reactions when vehicles are 
approaching, 
3c) decrease flight events, 
3d) decrease flight initiation distance, and 
3e) shift their behavioral response to alarm, while 
3f) motorists more often slow down or stop due to increased attention to wildlife 
near roads with reflectors present. 
1.7 Materials and methods 
A variety of reflector models is available nowadays (Chapter 1.4), but studies on color 
sensitivity showed that ungulates, just like most other mammals, are dichromatic and cannot 
perceive light exceeding 540 nm (VerCauteren and Pipas, 2003, Hanggi and Ingersoll, 2007). 
Therefore, modern reflectors are made in blue or other short wavelengths. With this 
background, we examined two of the most common blue reflector models in Germany in our 
study, one dark-blue model by Schilderwerk Beutha Inc. (“semicircle reflector”) and one 
light-blue model by Beilharz Inc. (“the general”). Additionally, a third optic, multi-colored 
wildlife warning reflector model by Motzener Kunststoff- and Gummiverarbeitung Inc. 
(“multi-wildlife warner”) has recently and successfully conquered the market and was already 
awarded the Brandenburg Innovation Prize in 2015 (Innovationspreis, 2018). Since opto-
acoustic reflector (WEGU GFT and Eurohunt Inc., “opto-acoustic wildlife warner”) that emit 
high-frequency sounds for 1.5 s with 83 dB and 4 kHz when a headlight hits light-sensitive 
solar panels, are often reported to effectively reduce collisions with animals, we also included 
a limited number of these reflectors in our evaluation. However, as this model is to be used in 
small numbers and only in combination with other optical reflectors according to the 
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manufacturer’s specifications, we included this model on 5 testing sites a year together with 
dark- and light blue reflectors. The reflectors have the measurements of 150 mm x 87 mm x 
37 mm (“semicircle reflector”) 260 mm x 95 mm x 25 mm (“the general”), 175 mm x 55 mm 
x 35 mm (“the multi-wildlife warner”) and 182 mm x 86 mm x 70 mm (“the opto-acoustic 
wildlife warner”) (height x width x depth). The wildlife warning reflectors used in this study 
(all reflector models in Chapter 2; model (c) in Chapter 3) are illustrated in Figure 1. 1.  
Figure 1. 1. Wildlife warning reflectors that have been evaluated in this thesis. (a) dark-
blue “semicircle reflector” by Schilderwerk Beutha Inc. (© Kolosser, S.), (b) light-blue 
“the general” by Beilharz Inc. ©, (c) “multi-wildlife warner” by Motzener Kunststoff 
and Gummiverarbeitung Inc. © and (d) “opto-acoustic wildlife reflectors” by WEGU 
GFT and Eurohunt Inc. ©. 
 
Processed materials are a micro prismatic reflective film by 3M Corporation 
(Minnesota, USA) (“semicircle reflector”), blue-transparent plastic with aluminum vapor 
plating (“the general”), a micro prismatic reflective film by 3M with additional eight multi-
colored platelets with a honeycomb structure (“the multi-wildlife warner”) and transparent 
mirrors in a 4 mm raster with silver and aluminum vapor plating (“the acoustic wildlife 
warner”). The reflected vehicle headlight is supposed to either build up a light fence along the 
road (“semicircle reflector”, “the general”, “the multi-wildlife warner”) or a light fan to the 
road verge at an angle between 120° and 135° (“the general”, “the multi-wildlife warner”, 
“the opto-acoustic wildlife warner”). While both dark- and light-blue reflectors, as well as 
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opto-acoustic wildlife warner, are attached to the guide posts at a height of 55 - 80 cm, multi-
colored wildlife warning reflectors are attached at a height of 80 - 100 cm to the guide posts. 
Testing sites for light-blue (N = 50), multi-colored (N = 50), and dark-blue (N = 51) reflectors 
were determined by block randomization and divided into two groups (A and B), compliant 
with a randomized non-superiority cross-over design (Jones and Kenward, 2014), comparing 
sites before and after installation, as well as controls and impact sites. Details are given in 
Chapter 3.  
 For analyzing wildlife near and on roads thermal network cameras (Axis Q1931-E, 
Axis Communications AB, Inc., Lund, Sweden) were set up at trees outside the forest or 
forest patches about 3 m height recording approximately 250 m of road sections. Recording 
public areas, such as roads or road shoulders, is strictly limited by § 25 of the Lower Saxony 
Data Protection Act. Since thermal cameras do not record personal data and have already 
proven to be useful for wildlife observations in other research groups (Brieger, pers. comm., 
2014) the cameras could be used without any further restrictions. The camera models had a 
focal lens of 35 mm and a viewing angle of 10.7°. With this, objects of 1.8 x 0.5 m (e.g. 
humans) can be detected at a distance of 1030 m, recognized at a distance of 260 m and 
identified at 130 m (Axis Communications AB, Inc., 2017). Testing sites for wildlife 
observations (N = 13) were recorded from 30 min before dawn until 30 min after dusk. 
Simultaneously, two testing sites were equipped with one thermal camera each and filmed 
four weeks without reflectors and hereafter four weeks with reflectors. The sites were 
prepared with a four-week time offset, so that one testing site was without reflectors while the 
other testing site had reflectors attached. This allowed us to compare both: the times before 
and after reflector installations, as well as the same time periods with and without reflectors, 
i.e. controls and impact. More details are provided in Chapter 4.  
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1.8 Study area  
All research was conducted within a study area of 5,314 km2 in Central Germany 
within the counties Göttingen (51°32’ N, 9°56’ E), Kassel (51°19’ N, 9°29’ E), Höxter 
(51°46’ N, 9°22’ E) and Lahn-Dill (50°34’ N, 8°30’ E), (Fig. 1. 2). The district of Göttingen 
occupies a natural part of the low mountain threshold of the Central German Triassic 
Mountain and Hill Country (Gauer and Aldinger, 2005, Bfn, 2015), including the Upper 
Weser-Mottled Sandstone Anticline, the Dransfelder Shell Limestone surface and the Leine 
Valley. This area is well-suited for agriculture due to the fertile loess soil. To the east of the 
Leinegraben runs the shell limestone surface of the Göttingen Forest, which slopes steeply 
into the Eichsfelder Basin. This region, the Eichsfelder Mottled Sandstone Anticline, consists 
of larger and smaller basins due to saline leaching (Bfn, 2015) and is characterized by an open 
cultural landscape (Bfn, 2015), with 32.9% forest share and 54.7% arable land (data provided 
by the European Environmental Agency, 2013). Spruce, pine, beech and oak dominate over 
larch, birch and hornbeam in this region. Maple, dewberry and cherry occur occasionally 
(Gauer and Aldinger, 2005). The climate of the district is both maritime and continental with 
an annual average temperature of 8.5 °C and an annual mean precipitation of 650 mm (DWD, 
2018).  
The district of Kassel southwest of Göttingen also belongs to the natural area of the 
Central German Triassic Mountain and Hill Country in the east. The area is characterized by 
larger contiguous forest areas that belong to the Weser-Leine Uplands, Reinhardswald, the 
eastern foothills of the Bramwald and the Kaufunger Forest in the east. In addition to 
contiguous forest areas, the landscape of the district Kassel is defined by an arable, open 
cultural landscape (Bfn, 2015), with 39.2% silvicultural and 47.1% agriculture area (data 
provided by the European Environmental Agency, 2013). Pine and beech dominate in the 
North Hessian Mountains, while maple, dewberry, cherry and lime trees occur occasionally 
(Gauer and Aldinger, 2005). The climate is characterized by the North Hessian Mountains and 
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classified as moderately maritime to continental with western winds (ZRK Kassel, 2007). The 
average annual temperature is 9.1 °C with an annual precipitation of 676 mm (DWD, 2018). 
Höxter in the state of North Rhine-Westphalia, northwest of Kassel, is located in the 
upper Weserbergland with foothills of the Northern Hessian Mountains in the border region to 
the district of Kassel. The central core area of the district, rich in fertile loess and limestone 
soils, is framed in the north by the Steinheimer Börde and in the south by the Borgentreicher 
and Warburger Börde. The fertile soils of the Steinheimer, Borgentreicher and Warbuger 
Börden as well as the Brakel limestone threshold are predominantly agricultural (Schüttler, 
1996). With 25.5% forest share and 61.9% arable land, this county consists mainly of open 
areas (data provided by the European Environmental Agency, 2013). The small forest share of 
the Weserbergland is dominated by beech, oak, alder, ash and hornbeam. Cherries are also 
common (Gauer and Aldinger, 2005). The climate is moderate maritime with beginning 
transitions to continental conditions. The average annual temperature is 9.1° C, with an annual 
precipitation of 700 mm (DWD, 2018). 
While the previous three counties adjoin each another, the fourth research area, the 
Lahn-Dill district, is located at a distance of about 150 km in the southwest of Hessia. The 
core area of the district is characterized by the Lahn- and Dill troughs of the two formative 
rivers. The soil consists of slate and quartzite in the north and south, of basanite and silt to the 
west, and along the Lahn- and Dill troughs of tholeiitic metabasalt, alkaline-basaltic pillow 
fragment breccias and slate (Hessisches Landesamt für Naturschutz, Umwelt und Geologie, 
2013). As the agricultural conditions are less favorable, the economic activities are mainly 
characterized by the reduction of soil resources and forestry (Hessisches Landesamt für 
historische Landeskunde, 2018). Thus, forest coverage is at 47.5% the highest within the four 
study areas, while agricultural land-use only covers 21.9% of the region (data provided by the 
European Environmental Agency, 2013). The Northern Hessian Slate Mountains are 
characterized by the occurrence of pine and beech with regular occurrences of oak, while the  
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Figure 1. 2. Map of the study area, including the counties Göttingen, Lahn-Dill, Kassel 
and Höxter. Basemap: Aerial Imagery Basemap (Accessed June 25 2018). 
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Westerwald is mainly dominated by beech and oak; spruce, maple, ash and larch occur 
regularly or occasionally (Gauer and Aldinger, 2005). The south of the district, the northern 
foothills of the Taunus, is dominated by spruce and beech trees with regular occurrences of 
Douglas fir and oak (Gauer and Aldinger, 2005). The climate of the region is moderately 
continental with annual precipitation between 650 mm in the southeast and 1000 mm in the 
Westerwald. The average annual temperature is around 8.5 °C (Regional Development 
Concept, 2007). All research associated with the influence of wildlife warning reflectors on 
the number of wildlife-vehicle collisions (Chapter 3) was conducted within these four 
counties on N = 151 road sections of primary (N = 45), secondary (N = 75) and tertiary (N = 
31) roads. Research associated with the reaction of wildlife to oncoming vehicles in relation 
to wildlife warning reflectors (Chapter 4) was carried out on N = 13 testing sites in the 
counties Göttingen (N = 10), Kassel (N = 2) and Höxter (N = 1).  
1.9. Ungulate species within the study area 
Species distributions vary marginally within the study area, roe deer and wild boar 
being the most abundant ungulate species in all four counties. However, red and fallow deer 
can also be found throughout the study area. Details on species distribution are given in Table 
3.1. Roe deer are solitary and form small groups in winter (Vincent et al., 1995, Mysterud, 
1999). They are highly selective feeders, mainly folivorous browsers, but also feed on winter 
rye and corn (Kaluzinski, 1982, Tixier and Duncan, 1996, Duncan et al., 1998). They frequent 
open areas and shift between forests and agricultural fields during night for feeding and 
shelter (Danilkin and Hewison, 1996, Myterud et al., 1999). Hence, road-crossing occurs 
especially during the dark hours (Hothorn et al., 2015).  
Wild boars live in groups of females and juveniles, while adult males are solitary 
(Briedermann, 2009). They preferably feed on winter rye, oat and especially corn (Dietrich, 
1984, Briedermann, 1990, Colino-Rabanal, 2012). Since they are attracted by crop fields for 
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shelter and food sources, agricultural land plays an important role (Briedermann, 1990), and 
collisions with this species are related to forest cover and maize fields (Colino-Rabanal et al., 
2012).  
Red deer live in separated groups of adult males and females with their young 
(Mitchell et al., 1977). They are classified as intermediate feeders, foraging on grass, 
concentrate foods and sedges depending on the habitat (Hofmann, 1989, Gebert and 
Verheyden-Tixier, 2001). Fallow deer just like red deer, live in sexually segregated groups 
and are classified as intermediate feeders (Clutton-Brock et al., 1988, Hofman, 1989). They 
preferably forage on browse plants and fruits but also use a mixed diet (Putman, 1986). 
Collision numbers with these species are far lower than for roe deer and wild boar. Annual 
road kill numbers are estimated between 1 -3% for red deer and 7 - 13% for fallow deer, while 
about 3% of wild boar and 6% of roe deer spring population fall victim to vehicle traffic 
(Groot Bruinderink and Hazebroek, 1996, Langbein, 2007). Since roe deer is by far the most 
abundant ungulate species in Europe, it is involved in most wildlife-vehicle collisions (Groot 
Bruinderink and Hazebroek, 1996, Apollonio et al., 2010). 
1.10 Associated Publications 
This doctoral thesis is submitted as a cumulative dissertation consisting of three independent 
publications. The publications or manuscripts are presented in the Chapters 2 to 4.  
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Abstract 
Wildlife–vehicle collisions cause human fatalities and enormous economic and ecological 
losses on roads worldwide. A variety of mitigation measures have been developed over the 
past decades to separate traffic and wildlife, warn humans, or prevent wildlife from entering a 
road while vehicles are passing by, but only few are economical enough to be applied 
comprehensively. One such measure, wildlife warning reflectors, has been implemented over 
the past five decades. However, their efficacy is questioned because of contradictory study 
results and the variety of applied study designs and reflector models. We used a prospective, 
randomized non-superiority cross-over study design to test our hypothesis of the inefficacy of 
modern wildlife warning reflectors. We analyzed wildlife–vehicle collisions on 151 testing 
sites of approximately 2 km in length each. During the 24-month study period, 1,984 wildlife–
vehicle collisions were recorded. Confirmatory primary and exploratory secondary analyses 
using a log-link Poisson mixed model with normal nested random intercepts of observation 
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year in road segment, involved species, and variables of the road segment and the surrounding 
environment showed that reflectors did not lower the number of wildlife–vehicle collisions by 
a relevant amount. In addition, variables of the road segment and the surrounding 
environment did not indicate differential effects of wildlife warning reflectors. Based on our 
results, we conclude that wildlife warning reflectors are not an effective tool for mitigating 
wildlife–vehicle collisions on roads. 
Key words 
Animal–vehicle collisions, Deer–vehicle collisions, Wildlife mirrors, Roadside reflectors, 
Deer mirrors  
Introduction 
Traffic systems worldwide affect nature directly and indirectly. The physical presence of 
roads directly destroys habitats, increases fragmentation, and interrupts ecological processes 
(cf. Forman and Alexander, 1998, Mladenoff et al., 1999). Often noticed effects of roads and 
traffic on the environment are wildlife–vehicle collisions, as wildlife remains are a common 
sight along roads. These collisions are not distributed randomly but are clustered in time and 
space (Malo et al., 2004, Gunson et al., 2011). Their temporal patterns are influenced by the 
time of day and year; they peak during twilight and at night and during mating season and 
litter dispersion (Peris et al., 2005, Langbein et al., 2011, Lagos et al., 2012, Hothorn et al., 
2015). The occurrence of wildlife–vehicle collisions is also affected by the animal species 
involved and weather conditions (e.g., Bruinderink and Hazebroek, 1996, Compare et al., 
2007, Langbein, 2007, Olson et al., 2015). Spatial clusters of these collisions occur where 
roads intersect habitats and migration routes, but also local factors influence their occurrence 
(cf. Gunson et al., 2011). For example, local differences in hotspots of wildlife–vehicle 
collisions depend on the proximity of roads to feeding and resting sites (Primi et al., 2009) or 
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are related to habitat characteristics, traffic volume, and type of road (Clarke et al., 1998, 
Langbein et al., 2011, Beben, 2012).  
 The ecological consequences of wildlife–vehicle collisions depend on the animal 
species involved and their population size and growth rate. For rare species, collisions with 
vehicles are a serious threat (e.g., Harris and Gallagher, 1989). For example, approximately 
50% of the population of the Florida panther (Puma concolor) and Florida Key deer 
(Odocoileus virginianus clavium) populations are killed on roads (Harris and Scheck, 1991, 
Forman and Alexander, 1998, Lopez et al., 2003). Other species are much less affected. In 
Europe, for example, < 5% of the populations of European hare (Lepus europaeus), red foxes 
(Vulpes vulpes), house sparrows (Passer domesticus), and crows (Corvus corone) are 
involved in collisions with wildlife (Bennett, 1991, Rodts, 1998, Cederlund, 1998, Mysterud, 
2006). Even populations of ungulates, such as roe deer (Capreolus capreolus) and wild boar 
(Sus scrofa), which are the species mainly involved in vehicle collisions in Germany (GDV, 
2017), are not at all endangered by collisions with vehicles and are widespread in Europe 
(Cederlund, 1998). Nevertheless, in 2016, 264,000 collisions with roe deer or wild boar were 
officially reported in Germany, which resulted in an economic loss of almost 0.7 billion Euro 
(GDV, 2017). Moreover, it is expected that the number of unreported collisions is three times 
as high as the number reported (e.g., Huijser and Kociolek, 2008, Hesse and Rea, 2016). 
The construction and maintenance of wildlife–vehicle collisions mitigation measures 
on roads, e.g., fencing, green bridges, and electric warning signs, are often costly (Kruidering 
et al., 2005, Huijser et al., 2007). Other, less costly measures, e.g., olfactory repellents, 
wildlife warning signs, speed limit reductions, and specific training to warn humans, have 
been shown to be ineffective in the long term, partly owing to habituation (Elmeros et al., 
2011, Beben, 2012). To date, only optical scaring devices, i.e., wildlife warning reflectors, 
might potentially reduce wildlife–vehicle collisions, but their efficacy remains doubtful and 
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contrasting results have been reported (cf. Brieger et al., 2016). The reflectors are supposed to 
deter wildlife from entering the road by reflecting the headlights of approaching vehicles to 
the road shoulder or by building up a light fence (e.g., Beilharz Straßenausrüstung Inc., 2017, 
Beutha Inc., 2017). Such reflectors have been used since the early 1960s and have been 
modernized continuously. Nowadays, they reflect short wavelengths, as an adaptation to the 
dichromasy of most mammals (Jacobs et al., 1998, Carroll et al., 2001, Ahnelt et al., 2006, 
Schiviz et al., 2008).  
Most studies that have tested the efficacy of wildlife warning reflectors have applied 
either a before–after (BA) or a control–impact (CI) study design (Brieger et al., 2016, Benten 
et al., 2018). Observational and randomized CI study designs are associated with high 
variability because not only the effect of warning reflectors but also other characteristics of 
road segment and its environment determine the local risk of wildlife–vehicle collisions. BA 
designs address this issue by comparing the risk of wildlife–vehicle collisions locally with and 
without mounted warning reflectors. The temporal and spatial biases inherent in BA designs 
is addressed in randomized cross-over studies, where a randomization procedure is used to 
assign a specific experimental sequence (with/without vs. without/with warning reflector) to a 
specific road segment, thus breaking potential temporal and spatial associations. To the best 
of our knowledge, this study is the first of this type for the evaluation of warning reflectors. 
Furthermore, all studies that we are aware of aimed at testing the null hypothesis of an absent 
effect (no difference between wildlife–vehicle collisions with or without warning reflectors). 
A failure to reject this null hypothesis does not allow the postulation of an absent effect 
[“absence of evidence is not evidence of absence’’ (Altman and Bland 1995)]. In light of 
current evidence against a substantial effect of warning reflectors (Brieger et al., 2016), we 
designed and analyzed an experiment with the aim of demonstrating the non-superiority of 
wildlife warning reflectors by testing the null hypothesis of a superior effect.  
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In the study reported here, we investigated the efficacy of modern blue and multi-
colored wildlife warning reflectors to reduce wildlife–vehicle collisions on roads by applying 
a randomized non-superiority cross-over design (Jones and Kenward, 2014). To our 
knowledge, this is not only the first study to apply a comparative designed experiment for 
testing the effect of modern wildlife warning reflectors on wildlife–vehicle collisions and to 
include temporal and spatial controls, but also by far the most comprehensive investigation, 
including 294.83 km of road sections. We obtained data on wildlife–vehicle collisions from 
151 testing sites on primary, secondary, and tertiary roads where we installed dark-blue 
reflectors (51 sites), light-blue reflectors (50 sites), or multi-colored reflectors (50 sites). On 
five sites with dark-blue reflectors and five sites with light-blue reflectors, we also installed 
opto-acoustic reflectors. We tested our primary hypothesis H1) that modern wildlife warning 
reflectors do not reduce wildlife–vehicle collisions by a relevant amount, and our two 
secondary hypotheses that H2a) there is no difference in the inefficacy between the tested 
reflector models and H2b) other environmental variables do not influence the inefficacy of the 
reflectors. Tests of the secondary hypotheses were conducted to assess the stability of the 
primary hypothesis under various reflector models and roadside conditions. 
Materials and methods 
Study sites and species 
The study was conducted between September 2014 and October 2017 within the four counties 
Göttingen (51°32′N, 9°56′E), Lahn-Dill (50°34′N, 8°30′E), Kassel (51°19′N, 9°29′E), and 
Höxter (51°46′N, 9°22′E) in central Germany. Silvicultural and agricultural land-use patterns 
differ slightly between the counties, with 25.5% (Höxter), 32.9% (Göttingen), 39.2% 
(Kassel), and 48.5% (Lahn-Dill) forest coverage, and 21.9% (Lahn-Dill), 47.5% (Kassel), 
54.7% (Göttingen), and 61.9% (Höxter) agricultural land-use (European Environmental 
Agency, 2013).  
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Species distributions vary marginally within the study area, with roe deer and wild 
boar being the most abundant large mammals in all four counties. Detailed information on 
species distributions in 2016/17 are given in Table 3.1. Data on hunting statistics were 
provided by local hunting authorities.  
Table 3. 1. Species distributions according to hunting bag data of 2016/2017 within the 
four different counties of the study area (Göttingen, Lahn-Dill, Kassel, and Höxter). 
  County  
Species Göttingen Lahn-Dill Kassel Höxter 
Roe deer 3,543 4,677 4,602 4,326 
Wild boar 3,178 4,224 2,620 2,811 
Red deer 196 410 107 131 
Fallow deer 1 1 12 598 
Sika deer 0 0 0 63 
European mouflon 0 15 0 36 
 
Study sites (N = 151) were selected after ArcGIS (version 10.3, ESRI, 2014) analysis 
of wildlife–vehicle collisions reported to the police on primary (N = 45), secondary (N = 75), 
and tertiary (N = 31) roads during the three years before the start of the testing period. We 
merged points of collisions with an existing road shapefile, which was cut into 500 m 
sections, and categorized these sections into four risk classes (1-5 collisions, 6-8 collisions, 9-
10 collisions, >10 collisions) according to the average number of wildlife–vehicle collisions 
per year. Study sites were on average 2,036.43 m ± 280.37 m long, with a minimum of 960.48 
m and a maximum of 2,552.78 m. We excluded sites that were already equipped with modern, 
i.e., blue or multi-colored, wildlife warning reflectors, so that the experimental design would 
not be potentially distorted by possible habituation of wildlife to these reflector models. 
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Wildlife warning reflectors 
We tested dark-blue wildlife warning reflectors from Schilderwerk Beutha Inc. (“Semicircle 
reflector”), light-blue reflectors from Beilharz Inc. (“The general”), and recently released 
multi-colored wildlife warning reflectors (“Multi-wildlife warner”, Motzener Kunststoff- and 
Gummiverarbeitung Inc.). In addition, we examined the efficacy of one type of opto-acoustic 
reflectors from WEGU GFT and Eurohunt Inc. (“Opto-acoustic wildlife warner”) in 
combination with dark-blue and light-blue reflectors. 
The sizes (height × width × depth) of the reflectors were 150 mm × 87 mm × 37 mm 
(“Semicircle reflector”), 260 mm × 95 mm × 25 mm (“The general”), 175 mm × 55 mm × 35 
mm (“Multi-wildlife warner”), and 182 mm × 86 mm × 70 mm (“Opto-acoustic wildlife 
warner”). The reflectors consisted of micro prismatic reflective film (3M Corporation, 
Minnesota, USA; “Semicircle reflector”), blue-transparent plastic with aluminum vapor 
plating (“The general”), a micro prismatic reflective film (3M) with eight additional multi-
colored honeycomb platelets (“Multi-wildlife warner”), and transparent mirrors in a 4 mm 
raster with silver and aluminum vapor plating (“Opto-acoustic wildlife warner”). Vehicle 
headlights reflect either a light fence along the road (“Semicircle reflector”, “The general”, 
“Multi-wildlife warner”) and/or a fan of light at the road shoulder at an angle between 120° 
and 135° (“The general”, “Multi-wildlife warner”, “Opto-acoustic wildlife warner”). The 
acoustic wildlife warner emits sounds of 83 dB and 4 kHz for 1.5 s when a headlight hits 
light-sensitive solar panels. 
Dark-blue, light-blue, and opto-acoustic reflectors were installed following the 
manufacturers’ instructions at a height of 55–80 cm on the standard reflector posts of the 
roads. The manufacturer of the multi-colored wildlife warning reflector provided instructions 
for installing the reflectors at a height of 80–100 cm on posts. We installed these reflectors 
accordingly only in the first year; thereafter, following objections of the road authorities, the 
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reflectors were set up at the height of the other models. None of the optic reflectors needed to 
be adjusted to the slope of the surrounding terrain, as specified by the manufacturers. The 
opto-acoustic wildlife warning reflectors were installed only at roads surrounded by flat 
terrain, which made adjustment to slopes unnecessary. 
Experimental design 
Testing sites for light-blue (N = 50), multi-colored (N = 50), and dark-blue (N = 51) reflectors 
were determined by block randomization and divided into two groups (A and B), compliant 
with a randomized non-superiority cross-over design (Jones and Kenward, 2014). Testing 
sites in group A were “active” in the first year (12 months), i.e., equipped with wildlife 
warning reflectors, and passive in the second year (12 months) as a control, i.e., reflectors 
were removed (+, -), whereas testing sites in group B were “passive” in the first year as a 
control and active in the second year (-, +). Each testing site was tested for 24 months 
between September 2014 and October 2017. In addition, ten sites with dark- or light-blue 
reflectors were selected randomly. Five of them were each equipped with eight opto-acoustic 
wildlife warning reflectors for one year. In the next year, opto-acoustic wildlife warning 
reflectors were installed at the five other sites (N = 3 light blue + acoustic and N = 2 dark blue 
+ acoustic reflectors in the first year and vice versa in the second year). Four opto-acoustic 
reflectors were set up along each side of a ~ 200 m stretch within each testing site; optic 
reflectors were installed in between and across from opto-acoustic reflectors. 
The distances between the standard reflector posts of the roads varied between 25 m 
(curve) and 50 m (straight stretch), with a median distance of 41.87 m ± 7.52 m. Wildlife 
warning reflectors were attached to all standard reflector posts, even to barely accessible 
sections, to avoid any relocation of wildlife–vehicle collision hotspots. Furthermore, testing 
sites were controlled frequently to ensure that the installed wildlife warning reflectors were 
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still present, that no wildlife warning reflectors were installed by others at control (passive) 
sites, and that the wildlife warning reflectors were not concealed by vegetation. 
Data collection 
Wildlife–vehicle collision data were provided by the police. This information included 
location of collision (coordinates, road, municipality), time of collision (date and time), state 
of the road (dry, wet, slippery), light conditions (light, twilight, dark), and species involved. 
We assumed that the police data did not report all wildlife–vehicle collisions. However, we 
assumed that this underreporting was evenly distributed in the study area, thus excluding 
spatial bias (Groves, 2004, Lavrakas, 2008, Snow et al., 2015). To estimate the number of 
unreported wildlife–vehicle collisions, we sent out questionnaires to 378 hunters for 
information on location, time of the collisions, and species involved. Only 32 completed 
questionnaires were returned, which indicates the low number of wildlife–vehicle collisions 
not reported to the police. 
We carried out secondary analyses to test for the influence of variables of the road 
section and surrounding landscape on the efficacy of the wildlife warning reflectors. We 
collected data on road characteristics (e.g., sinuosity, speed limit, traffic volume) and 
surrounding vegetation (ratio of forest to agricultural areas, Shannon diversity index of land-
use types). The sinuosity was calculated using ET GeoWizards 11.2 for ArcGIS 10.3 (ET 
GeoWizards, 2015). It is defined as the ratio of the total length of the road segment and the 
length of the linear distance between the start and end point of the segment. The value ranges 
between 1 (straight) to infinity (closed circle) (cf. Mueller, 1968), with a median of 1.05 ± 
0.31 at the testing sites. Data on annual average daily traffic volume were provided by the 
German Federal Highway Research Institute (BASt) and local road authorities; data on  
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primary, secondary, and tertiary roads were collected in 2010. Speed limit data were obtained 
on site.  
To specify the potential influence of the surrounding vegetation on the effect of 
wildlife warning reflectors on wildlife–vehicle collisions, we collected data on the area of 
forest, cultivated crops, grasslands, and other agricultural areas (e.g., meadows, nature 
reserve) within 500 m of the testing sites in ArcGIS using CORINE Land Cover data 
(European Environmental Agency, 2013) and data of the Integrated Administration and 
Control System (InVeKos). InVeKos data were provided by the Chamber of Agriculture of 
the respective federal states. These data have to be updated and controlled annually following 
the Commission Regulations of the European Union (EC No. 1122/2009, Art. 6; EC No. 
73/2009, Art. 17), which provides a high-quality data set for landscape analyses. The diversity 
of land-use types was estimated using the Shannon diversity index (H), with 
; where  is the fraction of individuals belonging to species i in a sample 
or population (cf. Spatharis et al., 2011). 
Statistical design and analysis 
We used a prospective, randomized non-superiority cross-over study (Jones and Kenward, 
2014) to test the hypothesis H1 that wildlife warning reflectors do not reduce wildlife–vehicle 
collisions by a relevant amount. The primary outcome was defined as the number of wildlife–
vehicle collisions reported on a specific road segment over the course of a year. In this type of 
experiment, each road segment (the independent observational unit) contributed to the 
observed number of collisions twice; one year with wildlife warning reflectors mounted 
(active) and one year without any wildlife warning reflectors (passive control). The 
active/passive sequence (+, - vs. -, +; year 1, year 2) was determined by block randomization 
to ensure that the same number of road segments were assigned to the two possible sequences. 
H= − ∑
i=1
R
pi ∗ ln pi pi
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The treatment parameter for the confirmatory primary analysis was defined as the ratio 
of the expected number of wildlife–vehicle collisions per one kilometer road length with 
wildlife warning reflectors present to the expected number of collisions per one kilometer 
road length with no reflectors (“collision ratio”) (Table 3. 2). A relevant reduction in 
collisions, i.e., > 10% or a collision ratio < 0.9, was defined a priori by a non-superiority 
margin of 90%. The null hypothesis of relevant superiority was to be rejected in favor of our 
non-superiority hypothesis H1 when the lower bound of a two-sided 95% profile confidence 
interval for the collision ratio was > 0.9 or, equivalently, when the one-sided null hypothesis 
“collision ratio” < 0.9 could be rejected at level α = 2.5%.  
Table 3. 2. Number of road segments (observational units) for the two possible 
active/passive sequences (+, -) and (-, +), with corresponding lengths in km for the tested 
wildlife warning reflectors and combinations thereof. mc, multi-colored reflector; db, dark-
blue reflector; lb, light-blue reflector; a, acoustic reflector. 
 Type and combinations of reflectors 
 Sequence mc db db+a lb lb+a Total 
(+, -) 25 (49.67 km) 23 (45.78 km) 2 (3.42 km) 22 (44.04 km) 3 (6.70 km) 75 (149.61 km) 
(-, +) 25 (46.10 km) 23 (44.41 km) 3 (5.89 km) 23 (44.63 km) 2 (4.19 km) 76 (145.22 km) 
Total 50 (95.77 km) 46 (90.19 km) 5 (9.31 km) 45 (88.67 km) 5 (10.89 km) 151 (294.83 km) 
 
The sample size of N = 151 road segments running a total of 294.83 km was planned 
in simulation experiments with an a priori specified power of 80%. The primary confirmatory 
analysis was performed using a log-link Poisson mixed model with normal nested random 
intercepts of observation year in road segment (Jones and Kenward, 2014). The random 
intercepts for each road segment adjust for the cross-over design. Possible over-dispersion 
was dealt with by the random intercept for each observation year nested in road segments. 
The model included the logarithm of the road segment lengths in km as an offset, such that 
the model parameters on the exponential scale can be interpreted as multiplicative changes of 
the collision ratio. A potential carry-over effect of wildlife warning reflectors was tested by 
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comparing the Akaike information criterion (AIC) of models with and without adjustment for 
the sequence (+, -). The same Poisson mixed model was also fitted to three secondary 
outcomes defined as the number of vehicle collisions with roe deer, red deer, fallow deer; 
with wild boar; and with other animal species. Further secondary analyses were performed 
with the aim of investigating possible deviations from the overall effect of wildlife warning 
reflectors that could be explained by variables describing the shape of the road segment or the 
adjacent environment. The above-introduced Poisson mixed model was used with additional 
main effects and reflector presence interaction effects to investigate potential modifiers of 
reflector-presence effects. Simultaneous 95% confidence intervals adjusted for multiplicity 
(Hothorn et al., 2008, package multcomp, version 1.4-8) were reported for subgroup-specific 
effects of reflector presence. All analyses were performed using the R system for statistical 
computing (R Core Team, 2018, version 3.4.3); mixed models were fitted using the add-on 
package lme4 (Bates et al., 2015, version 1.1-17). Computational details of the analysis are 
given in the supplementary material.  
Results 
A total of 1,984 wildlife–vehicle collisions were observed during the course of the study. The 
conditional distribution of collisions for each animal species, type of wildlife warning 
reflector, and active/passive sequence is given in Table 3. 3. 
Influence of wildlife warning reflectors on wildlife–vehicle collisions 
Neither the year in which the reflectors were present on at a site (Fig. 3. 1) nor the presence of 
any type of wildlife warning reflector (Fig. 3. 2) led to any systematic pattern of lower 
numbers of wildlife–vehicle collisions. The corresponding Poisson mixed model led to an 
estimated collision ratio of 1.02 with the corresponding 95% confidence interval (0.92, 1.12). 
This multiplicative effect of the presence of wildlife warning reflectors compared to the 
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passive control, i.e., to road segments without any wildlife warning reflectors mounted, 
suggests that the number of collisions increase when wildlife warning reflectors are mounted 
by an average of 2%. In particular, the lower bound of the confidence interval of 0.92 shows 
that the relative reduction in the number of collisions caused by wildlife warning reflectors is 
lower than the a priori defined non-superiority margin of 90%.  
 
Figure 3. 1. Number of wildlife–vehicle collisions (WVC, on a log scale) with the two 
possible active/passive sequences (+, -) and (-, +).The boxplots represent the marginal 
distributions of wildlife–vehicle collisions observed over the two years. The joint 
distribution is visualized by lines, where each line represents one road segment. In the left 
panel, a positive slope indicates a lower number of collisions when wildlife warning 
reflectors are mounted (active) compared to the passive control with no reflectors. In the 
right panel, a negative slope indicates a lower number of collisions when wildlife warning 
reflectors are mounted compared to the passive control with no reflectors. 
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Figure 3. 2. Number of wildlife–vehicle collisions (WVC, on a log scale) with the two 
possible active/passive sequences (+, -) and (-, +), stratified by type of reflector. The 
boxplots represent the marginal distributions of wildlife–vehicle collisions observed over 
the two years. The joint distribution is visualized by lines, where each line represents one 
road segment. In the left panels, a positive slope indicates a lower number of collisions 
when wildlife warning reflectors are mounted (active) compared to the passive control with 
no reflectors. In the right panels, a negative slope indicates a lower number of collisions 
when wildlife warning reflectors are mounted compared to the passive control with no 
reflectors. 
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Influence of road characteristics and environmental variables on the effect of wildlife 
warning reflectors 
We investigated the stability of the above-reported global effect of the presence of reflectors 
by analyzing models (1) with the number of collisions for different animal species as 
secondary outcomes (Fig. 3. 3), (2) with subgroups defined by the type of wildlife warning 
reflector used and the amount of forest or agricultural land adjacent to each road segment, as 
well as the combination of (1) and (2) (Fig. 3. 4). In addition, we studied (3) the numeric 
variables sinuosity, annual average daily traffic volume, Shannon diversity, and speed limit as 
potential effect modifiers (Table 3. 4).  
Table 3. 4. Median and range of road segment characteristics. 
Characteristic Median and range 
Length (m) 2,036.43 (960.48 to 2,552.78) 
Ratio forest/forest 0.04 (-0.02 to 1.00) 
Ratio forest/field 0.10 (0.00 to 1.00) 
Ratio field/field 0.65 (0.00 to 1.00) 
Sinuosity 1.05 (1.00 to 3.80) 
Annual average daily traffic volume 3,114.00 (500.00 to 104,444.00) 
Shannon index 1.85 (0.26 to 2.58) 
Speed limit (km h-1) 100.00 (50.00 to 100.00) 
 
We estimated the AIC and collision ratio for 12 models (Table 3. 5). The model “Total” refers 
to the model used for the primary confirmatory analysis with an AIC of 1,623.29. The same 
model fitted separately to the three different groups of animal species showed similar effects, 
and, in particular, the number of wildlife–vehicle collisions was not reduced for any of these 
three groups of animals. Subgroups of the type of wildlife warning reflector used did not 
improve the total model or the three models for different animal groups. The corresponding 
collision ratios were close to 1. Forest and field coverage along the road segment improved 
the total model and the model for other animal species slightly (measured by AIC). 
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Figure 3. 3. Number of wildlife–vehicle collisions (WVC, on a log scale) with the two 
possible active/passive sequences (+, -) and (-, +), stratified by animal species. The 
boxplots represent the marginal distributions of wildlife–vehicle collisions observed over 
the two years. The joint distribution is visualized by lines, where each line represents one 
road segment. In the left panels, a positive slope indicates a lower number of collisions 
when wildlife warning reflectors are mounted (active) compared to the passive control with 
no reflectors. In the right panels, a negative slope indicates a lower number of collisions 
when wildlife warning reflectors are mounted compared to the passive control with no 
reflectors.
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However, the corresponding collision ratios were not consistent with increasing forest 
coverage, and none of the confidence intervals excluded one, i.e., a non-significant effect. It 
should also be mentioned that only very few road segments had very high forest coverage 
(Table 3. 4). Sinuosity (subdivided into three categories) did not improve the model, and the 
confidence intervals were in line with the overall effect of mounted reflectors. Table 3. 6 
gives the results of models with numeric effect modifiers (main and interaction effects).  
Table 3. 6. AIC and collision ratios with 95% confidence intervals for models with numeric 
effect modifiers. 
 Sinuosity Speed Traffic Shannon 
AIC 1618.46 1626.21 1627.12 1626.95 
Collision ratio 1.43 (0.81 to 2.62) 1.02 (0.92 to 1.12) 1.02 (0.92 to 1.13) 1.02 (0.92 to 1.12) 
Main effect 0.09 0.88 0.71 0.66 
Interaction effect 0.23 0.32 0.74 0.9 
 
Only the model for sinuosity improved upon the model of the primary analysis; 
however, the adjusted collision ratio did not indicate a positive effect of wildlife warning 
reflectors. The remaining variables did not seem to improve the model. We finally tried to 
identify differential effects of reflectors using model-based recursive partitioning for 
generalized linear mixed models (Fokkema et al., 2017, package glmertree, version 0.1-2), but 
no explanatory variable improved the model (p-value for the null hypothesis of the primary 
model being correct: 0.10). 
Discussion 
Our cross-over experimental design revealed that modern wildlife warning reflectors did not 
lead to a relevant reduction in wildlife–vehicle collisions. None of the tested reflectors, 
including opto-acoustic devices, were able to reduce the number of reported collisions. 
Moreover, other variables describing the surrounding environment (i.e., forest/agricultural 
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land ratio, sinuosity, speed limit, traffic volume, and Shannon diversity index of land use) did 
not show any differential effect on the overall inefficacy of the reflectors.  
Influence of wildlife warning reflectors on wildlife–vehicle collisions 
Testing the efficacy of wildlife warning reflectors is as old as the reflectors themselves (e.g. 
McLain, 1964, Gladfelter, 1984, Waring et al., 1991, Brieger et al., 2017a), but outcomes 
have always been doubtful. This skepticism might be due to the study designs implemented 
and small sample data sets collected in earlier studies. Especially studies that applied a 
before–after design have occasionally reported the efficacy of wildlife warning reflectors 
(e.g., Schafer et al., 1988, Pafko and Kovach, 1996). However, such a study design lacks 
independence of different levels of single treatments and true replications (Roedenbeck, 2007, 
Morrison et al., 2010). Thus, a potential change in the number of collisions after the 
installation of reflectors can also be assigned to factors other than the reflectors (Morrison et 
al., 2010). Therefore, when analyzing the efficacy of mitigation measures, it is important to 
control for potential fluctuations in the number of collisions due to, e.g., environmental 
changes and natural population fluctuation. Thus, experimental designs that include temporal 
and spatial controls (e.g., BACI, cross-over) have the highest inferential strength for assessing 
impacts on the environment (Green, 1979, Underwood and Chapman, 2003, Roedenbeck, 
2007).  
From an epistemological point of view, the rejection of a superiority null hypothesis (a 
reduction in the number of collisions by > 10%) in favor of our non-superiority hypothesis H1 
(a reduction in the number of collisions by < 10%) in our randomized non-superiority cross-
over design provides strong scientific support for the inefficacy of wildlife warning reflectors. 
In contrast to earlier studies designed and analyzed with the aim of demonstrating a positive 
effect of such reflectors by testing the null hypothesis of a zero treatment effect (e.g., Waring 
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et al., 1991, D’Angelo et al., 2006, Ramp and Croft, 2006), we were able to report a 
statistically significant result on a practically relevant hypothesis. Previous studies often failed 
to reject the null of a zero treatment effect, yet they could not demonstrate the inefficacy 
(Altman and Bland 1995). The level of evidence of the result reported here is as high as the 
level of evidence required for approval of a generic drug in equivalence or non-inferiority 
trials (Jones and Kenward 2014). 
Modern reflectors reflect light of short wavelengths that fit the color sensitivity of 
animals (Carroll, 2001, Ahnelt et al., 2006, Schiviz et al., 2008). Ungulates, e.g., roe deer, 
frequent open areas and agricultural fields at night (Mysterud et al., 1999a, 1999b), increasing 
the vulnerability to predators (Hothorn et al., 2015), which results in a higher perception for 
mesopic and scotopic vision below 540 nm (Szél et al., 1996, VerCauteren and Pipas, 2003, 
Hanggi and Ingersoll, 2007). In this regard, one could argue that reflector models that reflect 
light of long wavelengths are inefficient because of the lack of color sensitivity of ungulates. 
However, recent studies on the efficacy of blue reflectors also did not find any influence of 
the devices on roe deer behavior—not under controlled experimental conditions or in the field 
or by observing road crossing behavior (Pluntke, 2014, Brieger et al., 2017a, Brieger et al., 
2017b, Kämmerle et al., 2017). 
Brieger et al. (2017a) and Kämmerle et al. (2017) observed the behavior of roe deer in 
studies of the efficacy of blue “semicircle reflectors”. In a mixture of controlled experiments 
and field observations, Brieger et al. (2017a) tested whether blue light stimuli of reflectors 
elicit any threat-related behavior in the absence of vehicles. They also tested the reactions of 
roe deer towards oncoming vehicles in the absence and presence of reflectors. In both 
experimental setups, the behavior of the roe deer did not change in any way attributable to the 
presence of the reflectors. In a study using telemetry, Kämmerle et al. (2017) showed that the 
timing and frequency of road crossings of free-ranging roe deer did not change in the presence 
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of reflectors. However, the authors did not study whether the number of collisions with 
vehicles changed, or whether the reflectors influenced roe deer behavior in the period 
immediately following reflector installation and whether the deer became habituated towards 
the reflectors over time.  
The inverse-square law of light states that light intensity is inversely proportional to 
the distance between the illuminated surface and the source of light. Hence, spectrometric 
analyses of wildlife warning reflectors showed that the reflected light intensity is infinitesimal 
already at short distances from the reflectors and is cross-faded by the headlights of 
approaching vehicles (Sivic and Sielecki, 2001, Schulze and Polster, 2017). Thus, whether the 
light reflected from reflectors has sufficient intensity to elicit any reaction from animals, let 
alone sufficient for decreasing the risk of a collision with vehicles, can be contested. It is 
therefore surprising that local hunters sometimes report a positive effect of various models of 
wildlife warning reflectors, including red reflectors, in preventing wildlife–vehicle collisions. 
Proposed possible explanations for the reduction in collisions include chance, independent 
changes in the environment, or natural fluctuations in populations (Fryxell et al., 2010) or the 
influence of the reflectors on the behavior of drivers rather than on the behavior of animals 
(Zacks, 1985, Rowden et al., 2008). For instance, deer whistles increase the attention of 
drivers to wildlife next to the road, which in turn decreases collisions with wildlife (Zacks, 
personal communication, 2015). Moreover, light intensity of the direct reflection back to the 
driver is larger than to the surroundings of the road (Schulze and Polster 2017). Therefore, 
reflectors might serve as a warning device that influences driver behavior (Rowden et al., 
2008). However, as we did not observe any reduction in wildlife–vehicle collisions, we did 
not find any evidence that motorists have adapted their driving behavior to the presence of the 
reflectors and, thus, wildlife-collision areas.  
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Influence of road characteristics and environmental variables on the effect of wildlife 
warning reflectors 
We did not find any influence of environmental variables (i.e., ratio of forest to open land, 
sinuosity, speed limit, traffic volume, and Shannon diversity index of land use) on the 
inefficacy of wildlife warning reflectors. However, most of these variables seem to have an 
increased or decreased effect on wildlife–vehicle collision hotspots in general (cf. Gunson et 
al., 2011). For instance, studies on the effect of road-side topography indicate that narrower 
road shoulders lead to higher numbers of wildlife–vehicle collisions (Ramp et al., 2006). 
Higher speed limits (Seiler, 2005) and higher curvature (sinuosity) (Grilo et al., 2009, Ramp 
et al., 2005) also lead to higher numbers of collisions with wildlife. Studies on the influence 
of the surrounding landscape showed different effects. For example, a close proximity to or a 
higher proportion of forest stands (e.g., Malo et al., 2004, Seiler, 2005, Gunson et al., 2009) 
and a higher Shannon diversity index (Nielsen et al., 2003, Malo et al., 2004) lead to more 
collisions, and more obstructions lead to fewer collisions with wildlife (Hubbard et al., 2000, 
Malo et al., 2004, Seiler, 2005, Gunson et al., 2009).  
We did not find a relationship between the annual average daily traffic volume and the 
inefficacy of wildlife warning reflectors on wildlife–vehicle collisions. Morelle et al. (2013) 
observed that more than half of the collisions with wildlife in Wallonia, Belgium, occurred on 
national roads and highways, even though these roads account for only 14.6% of the road 
network. Such a clustering of collisions has also been reported for roe deer in Denmark 
(Madsen et al., 1998) and roe deer and wild boar in Spain (Diaz-Varela et al., 2011). Van 
Langevelde and Jaarsma (2004) identified traffic volume as one of the most influential 
parameters leading to an increase in collisions with wildlife, as has also been observed for 
collisions with moose in Sweden (Seiler, 2005). Seiler (2005) identified a positive 
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relationship between annual average daily traffic volume, mean speed limit, and occurrence of 
wildlife–vehicle collisions.  
Our data did not indicate any correlation between agricultural and forestry land-use 
diversity and wildlife warning reflectors. In other studies, this variable was found to both 
increase (Seiler 2005) and decrease (Hubbard et al., 2000) the number of wildlife–vehicle 
collisions (cf. Gunson et al., 2011). These studies focused on explaining variables of wildlife–
vehicle collision hotspots, whereas our testing sites were much longer than hotspots per se; 
thus, such variables might be masked by variables that affect the entire length of the site. 
Moreover, for hotspot analyses, a much higher sample size that covers the many potentially 
influencing factors might be needed. 
Conclusions 
In our randomized non-superiority cross-over study, we demonstrated the inefficacy of 
wildlife warning reflectors in reducing the number of wildlife–vehicle collisions on roads by a 
relevant amount. None of the tested reflector models was able to reduce the number of 
collisions during the experiment. Our findings are in accordance with behavioral studies that 
show that wildlife warning reflectors do not elicit any reaction in deer that would prevent 
collisions with vehicles (Brieger et al., 2017a, Kämmerle et al., 2017). Our results are also in 
line with the results of spectrometric studies that indicate that light reflected from wildlife 
warning reflectors is not sufficiently intense to elicit any reaction in animals that would 
decrease the risk of collisions with vehicles (Sivic and Sielecki, 2001, Schulze and Polster, 
2017). We assume that studies that have shown that wildlife warning reflectors lower the 
number of wildlife–vehicle collisions either lack spatial and temporal controls to evaluate 
environmental changes and natural fluctuation in populations or have an insufficient amount 
of independent replications. Possible reductions in the number of collisions after 
implementation of reflectors might be attributed to changes in human behavior rather than to 
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changes in animal behavior. Moreover, we could not find any influence of environmental 
variables on the efficacy of the reflectors. Considering our results and the results of other 
studies, we do not recommend the use of wildlife warning reflectors as a tool for mitigating 
wildlife–vehicle collisions on roads. 
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Abstract 
Collisions of vehicles with wildlife pose a serious risk to humans and animals, causing high 
economical and ecological damage each year. From various mitigation measures developed 
over the years only few measures are economical sound to be implemented. Among these, 
wildlife warning reflectors enjoy great popularity, although recent studies have shown that 
they have no long-term impact on wildlife-vehicle collisions or on the behavior of animals 
along roads. However, beliefs on their effect on animals and motorists, at least temporary, 
persist among manufacturers and hunters. In our study, we analyzed the reaction of ungulates 
towards oncoming vehicles and motorists towards wildlife near roads before and after 
installation of modern multi-colored wildlife warning reflectors. We also tested for a potential 
habituation effect. In total, we recorded 13 study sites during a 12 month study period with 
thermal network cameras before and after wildlife warning reflector installation and controls 
for seasonal variation in animal behavior. We used linear mixed-effects models (LMM) and 
generalized linear mixed-effects models (GLMM) to evaluate the effect of the reflectors on 
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road crossing events, reaction of animals to vehicles (positive vs. negative; no reaction < 
alarm < locomotion < flight), flight events, flight initiation distance and motorist behavior. 
We did not find any habituation effect, as wildlife warning reflectors did not influence the 
behavioral response of animals to oncoming vehicles, except for the transition phase from 
alarm to locomotion when ungulates were more likely to move with reflectors present. But 
this effect only lasted 16.5 days and did not influence the risk of a collision with vehicles. In 
addition, reflectors did not alter the driving behavior of motorists. We conclude that wildlife 
warning reflectors are not effective for reducing vehicle collisions with wildlife.  
 
Key words 
Animal-vehicle collisions, Deer-vehicle collisions, Wildlife Mirrors, Roadside reflectors, 
Deer mirrors 
Introduction 
Threat assessment and predator recognition are crucial for the survival of animals. While prey 
species developed sophisticated strategies to avoid natural predators, including visual, 
auditory or olfactory cues or a combination of these modalities (Caro, 2005), man-made 
sources of mortality, e.g. vehicle traffic, do not resemble theses predators and are often 
described as an evolutionary novel sort of ‘predator’ (Lima et al., 2014). However, the ability 
of animals to identify causes of mortality, known or novel, will likely trigger some kind of 
anti-predator behavior (Lima et al., 2014), including predator-elicited alarm calls, seeking out 
refuges, vigilance, moving away from a source of danger (Blumstein et al., 2001), and is 
thought to correlate positively with the associated seriousness of danger (Blackwell et al., 
2014).  
One of the most directly human caused sources of mortality for wildlife species are 
collisions with vehicles. These wildlife-vehicle collisions have become a serious threat 
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towards humans and animals, with an economic loss in the billions. More specifically, more 
than 264,000 collisions have been reported every year in Germany. These collisions were 
mainly caused by ungulates (Seiler, 2004, Colino-Rabanal, 2011, Hothorn et al., 2015, GDV, 
2017), each estimated between 7,000 € (roe deer (Capreolus capreolus)) up to 50,000 € (wild 
boar (Sus scrofa); Olsson and Widén, 2007, Thurfjell et al., 2015). Temporal patterns, such as 
time of the day, animals’ and species’ activity phases or moon phases influence the collision 
risk with wildlife (e.g. Peris et al., 2005, Langbein et al., 2011, Hothorn et al., 2015). The 
spatio-temporal distribution depends on other local factors, as well, such as land-use patterns 
or forest coverage (e.g. Malo et al., 2004, Seiler, 2005, Gunson et al., 2009). Other factors, 
such as speed limit, also have an effect on collisions, increasing the mortality of various 
species from 10 to 75% by an increase of 30 km/h (Farmer and Brooks, 2012). 
In Europe, ungulate-vehicle collisions follow a north-south gradient, with moose and 
roe deer being mostly involved in collisions in Sweden (Seiler, 2004), while wild boars are 
mainly involved in collisions in Spain (Colino-Rabanal, 2011). In Germany, reported wildlife-
vehicle collisions especially comprise roe deer and wild boar (GDV, 2017). Roe deer form 
small groups in winter and are rather solitary for the rest of the year (Vincent et al., 1995, 
Mysterud, 1999). They frequent open areas and shift between forests and agricultural fields 
during night for feeding and shelter (Danilkin and Hewison, 1996, Mysterud et al., 1999). 
Hence, road crossing occurs especially during the dark hours (Hothorn et al., 2015). Wild 
boars live in groups of females and juveniles, while adult males are solitary (Briedermann, 
2009). Collisions with this species are often related to forest cover and maize fields (Colino-
Rabanal et al., 2012).  
Identifying adequate, cost effective mitigation measures are of great interest for both, 
economists and animal ecologists. Certainly, most measures are concomitant with high costs 
and maintenance (Kruidering et al., 2005, Huijser et al., 2007), ineffective due to habituation 
of humans (Beben, 2012) or fail to alter wildlife road crossing behavior, such as odor 
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repellents (Elmeros et al., 2011). Besides olfactory scaring devices, optic devices such as 
wildlife warning reflectors are widespread on the market. These reflectors are attached to 
guidance posts, supposedly reflecting the headlight of a vehicle to the road shoulder in order 
to deter wildlife from entering the road while a vehicle is passing (Motzener 
Wildschutzwarner, 2018). While the efficacy of these reflectors has been contradictorily 
discussed ever since their first release (cf. Brieger et al., 2016, Benten et al., 2018), their 
alleged effect is carried on anecdotally via manufacturers and hunters. However, recent 
studies demonstrated that the reflectors have no impact on wildlife-vehicle collisions (Brieger 
et al., 2017, Benten et al., in review.), but it has been reported that they may influence deer 
behavior for a short time (Waring et al., 1991, Ujvári et al., 1998). Thus, if ungulates alter 
their behavior in the presence of the reflectors in the short term, thereby reducing the risk of 
colliding with a vehicle, the reflectors might be effective in reducing wildlife-vehicle 
collisions during high peak collision seasons. However, well designed studies on this subject 
are missing. Here, we tested if wildlife warning reflectors changed the reaction of animals to 
oncoming vehicles or of motorists to animals near the road, supporting a reduction in wildlife-
vehicle collisions. According to the manufacturer’s information about the effect of the 
reflectors, animals stop moving and remain while vehicles drive by, we expected that 
ungulates reduce road crossings (H1a), increase responses that would reduce the risk of a 
collision with vehicles, i.e. positive, compared to negative reactions when vehicles are 
approaching (H1b), decrease flight events (H1c), decrease flight initiation distance (H1d) and 
shift their behavioral response to alarm (H1d) if reflectors are present. We further expected 
that motorists more often slow down or stop due to increased attention to wildlife near roads 
with reflectors present (H2). 
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Materials and methods 
Study area 
The study was conducted between 2015-08-18 18:00 and 2016-09-15 06:30 within the Weser-
Leine Uplands in Central Germany (52°0’ N, 9°0’ E) on a total area measuring about 2,300 
km2. Study locations (N = 13, Fig. 4.1) were located in Göttingen (N = 10; 51°32’ N, 9°56’ 
E), Kassel (N = 2; 51°19’ N, 9°29’ E) and Höxter (N = 1; 51°46’ N, 9°22’ E). Forest coverage 
ranges from 25.5% (Höxter), 32.9% (Göttingen) up to 39.2% (Kassel). Agricultural land 
covers between 47.5% (Kassel), 54.7% (Göttingen) and 61.9% (Höxter) of the total area. 
Study sites were selected by the occurrence of wildlife-vehicle collisions reported to the local 
police authorities as an indicator for high occurrence of wildlife near roads on one primary, 
six secondary and six tertiary roads. Speed limit was 100 km/h except for one tertiary road 
with 70 km/h. Roads with forest on one side and agricultural land-use on the other side were 
prioritized, as ungulates tend to shift between forest and open field and to allow animal 
observations in various distances to the road. Trees outside the forest or forest patches were 
used to mount thermal network cameras in about 3 m height for video observations. 
 Wildlife entering the area observed was recorded using a thermal network camera 
(Axis Q1931-E, Axis Communications AB, Inc., Lund, Sweden) with a 35 mm focal lens and 
a viewing angle of 10.7°. With this, objects of 1.8 m x 0.5 m (e.g. humans) can be detected at 
a distance of more than 1000 m, recognized at a distance of 260 m and identified at 130 m 
(Axis Communications AB Inc., 2017). This camera lens allowed lateral coverage of the 
surrounding up to 75 m at a distance of about 400 m, depending on study site conditions (i.e. 
slope). Cameras were equipped with a network connector (Power over Ethernet Adapter PoE 
T81B22 30W, Axis Communications AB, Inc.) with energy supply provided by a car battery 
(Banner Running Bull Autobatterie 12V 70Ah, Banner Inc., Linz, Austria), allowing evening 
and nocturnal recording durations of approximately 7 days. Data recorded was stored inside 
CHAPTER 4                          WILDLIFE WARNING REFLECTORS DO NOT ALTER BEHAVIOR 
95 
the camera on a 64 GB SDXC Extreme Mini memory card (SanDisk Corp., Milpitas, USA). 
The SD cards and car batteries were changed every week.  
 
Figure 4. 1. Map of the study area (2,300 km2) including the counties Göttingen (N = 10 
study locations), Kassel (N = 2 study locations) and Höxter (N = 1 study location). Study 
locations were recorded without wildlife warning reflectors (‘control’) for four weeks 
and hereafter with wildlife warning reflectors (‘test’) for another four weeks using a 
thermal network camera (image © 2018 Axis Communications AB). Basemap: Aerial 
Imagery Basemap. 
Main species involved in wildlife-vehicle collisions in this area are roe deer, followed by wild 
boar. Their occurrence varies slightly within the study area, detailed information on annual 
harvest is given in Table 4. 1. Data on hunting statistics were provided by local hunting 
authorities.  
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Reflectors used in this study were “multi-wildlife warner” by Motzener Kunststoff- 
and Gummiverarbeitung Inc. Reflectors are 175 mm x 55 mm x 35 mm in size and have a 
micro prismatic reflective film by 3M (Minnesota, USA) with additional eight multi-colored 
platelets with a honeycomb structure. Reflectors were mounted on guidance posts alongside 
roads. The reflectors were installed in accord with the manufacturer’s instructions at the 25 
cm wide black strip of the reflector posts at a height of 55 cm - 80 cm and were not needed to 
be adjusted to the slope of the surrounding landscape. The distance between these posts varied 
between 25 m (curve) and 50 m (straight stretch) with a median distance of 41.87 m ± 7.52 m. 
Table 4. 1. Species distribution within the three studied counties Göttingen, Kassel and 
Höxter indicated by the annual harvest in 2016/17. Roe deer (Capreolus capreolus) and 
wild boar (Sus scrofa) are most abundant, while red deer (Cervus elaphus) and fallow deer 
(Dama dama) occur only occasionally within the study area.  
  
counties 
species Göttingen Kassel Höxter 
roe deer 3,543 4,602 4,326 
wild boar 3,178 2,620 2,811 
red deer 196 107 131 
fallow deer 1 12 598 
 
Study design 
Two study sites were equipped simultaneously with one thermal network camera each. The 
first study site (A) was filmed without the reflectors for four weeks from 30 min before dusk 
to 30 min after dawn. Hereafter, wildlife warning reflectors were installed along posts at the 
road stretch within camera sight. A second study site (B) was equipped with another thermal 
network camera, recording the study site B without reflectors for the first four weeks. When 
camera A was relocated to a new study site (C) after a total of eight weeks, reflectors were 
installed at study site B, which has been observed without reflectors for four weeks by then. 
This alternating switch of study sites and reflector attachments was kept up for 12 months, 
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allowing us to compare the behavior of wildlife before and after implementation of the 
reflectors as well as study sites with and without reflectors simultaneously to control for a 
temporal bias, e.g. behavioral variations during to rutting season. As study sites had to be 
visited weekly for changing batteries and memory cards, we also controlled that the reflectors 
were complete and not covered by the roadside vegetation or road dirt.  
Data analysis 
In this study we collected about 10.000 hours of video material. At first, recordings were 
revised for events including wildlife and vehicles. Video sequences were excised from 20 sec 
before vehicles appeared with animals being around until the encounter has passed to observe 
neutral behavior and a change in behavioral patterns of observed animals. At a main speed 
limit of 100 km/h, the approaching vehicles distance is > 550 m at 20 sec before reaching the 
animals position. Blackwell (et al., 2014) assumed that approaching vehicles are not perceived 
as a threat until the animal-vehicle distance is < 470 m, presumably the zone of awareness for 
white-tailed deer (Odocoileus virginianus; Stankowich and Coss, 2005). Pre-analyzing the 
first 100 events this time frame has been shown to be sufficient to observe both, neutral 
behavior and the reaction to oncoming vehicles. We included information on species, number 
of animals (single or group), sex when possible, weather conditions, distance to the road and 
road crossing events. We categorized the distances of the animals to the road into five 
categories: 1) on the road, 2) within 1 m to the road, 3) between 1.1 and 5 m to the road, 4) 
between 5.1 and 10 m to the road and 5) more than 10 m to the road, while a vehicle was 
passing by. For flight initiation distances we estimated distances between the animals and 
vehicles when animals started leaving the roadside area. This distance is used as a measure of 
fear and correlates positively with the associated seriousness of danger (e.g. Blackwell et al., 
2014). Moreover, to prevent an observer bias, video sequences were analyzed double-blind 
for the reaction of wildlife to oncoming vehicles, i.e. without information on when reflectors 
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were installed. Events (N = 1,070) including more than one animal were analyzed for each 
animal present individually (N = 1,673 individual responses). We categorized the overall 
reaction of animals to oncoming vehicles in regard to Valitzky (et al., 2007) into the groups 
negative, i.e. the risk of a collision increases, and positive, i.e. the risk of a collision does not 
increase, but refrained from using the category neutral as the reaction either increased or not 
increased the risk of a collision.  
Moreover, we analyzed the behavior of animals in accord to Ujvári (et al., 1998) for 
deer responding to oncoming vehicles into four categories (flight, alarm, movement of head, 
no visible reaction), but modified the category movement of head to locomotion. Detailed 
information on behavioral categories is given in Table 4. 2. These categories have been 
ranked no visible reaction < alarm < locomotion < flight. Besides the reaction of animals, 
also the reaction of drivers was ranked and included in further analyses (i.e. no visible 
reaction < slowing down < full break). Full break means that the vehicle comes to a stop, 
while slowing down is defined as a reduction in speed, increasing the average time for passing 
two guidance posts. Hereafter we included information on times without reflectors (control) 
and with reflectors (test), as well as on the duration of the treatment (i.e. duration of control = 
days since camera installation, duration of test = days since reflector installation). 
Furthermore, we included information on whether reflectors could have influenced the 
behavior of animals for each event. We defined that the reflectors would not have been able to 
act if the animals had left the road area before the car was in sight, if the animal is already on 
the road or between the guidance posts and the road, and if the animal is already far away 
before the car comes in sight, heading away from the road.  
Statistics 
Statistical analyses were performed using the R system for statistical computing (R Core 
Team, 2018, version 3.4.3). Mixed models were fitted using the add-on packages lme4 for 
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GLMM (Bates et al., 2015, version 1.1-17). For analyses of animal behavior we filtered video 
analyses according to the actual events in which the reflectors could have acted from the 
animal’s point of view (N = 1,093 individual responses), but included all events for the 
analyses of the motorist’s behavior (N = 1,070 events).  
Table 4. 2. Behavioral categories based on the studies by Valitzky et al. (2007; positive, 
negative) and Ujvári et al. (1998; flight, alarm, no reaction visible), including a new 
category locomotion. The distance of 150 m was chosen due to the stopping and breaking 
distances of vehicles at 100 km/h (1). 
behavior description 
positive 
animal remains in a certain distance to the road, leaves the road 
area without crossing the road, leaving the road area with road 
crossing > 150m in front of the car 
 
negative 
animal remains on the road, animal crosses the road < 150 m in 
front of the car 
 
flight 
sudden and rapid movement away from the reflectors by walking, 
trotting or galloping 
 
alarm 
sudden raise of the head, stays with its neck straight, possibly 
with tense muscles and movement of the ears 
 
locomotion 
animal moves calmly away from the reflectors without sudden or 
rapid movement 
 
no reaction visible no reaction visible, animal shows no alteration in behavior 
1 https://www.bussgeldkatalog.org/anhalteweg/ 
We applied a generalized linear mixed-effects model (GLMM) for analyzing animals’ road 
crossing behavior while a vehicle was approaching (H1a; no crossing vs. responding 
crossing), binary analyses of negative (H1b; 0 = increase in collision risk) and positive (1 = 
no increase in collision risk) reaction of ungulates to approaching vehicles, and a potential 
reduction in flight events with reflectors present (H1c). These models included the 
explanatory variables treatment (control vs. test), duration of treatment, species (roe deer, 
fallow deer, wild boar, deer (i.e. more detailed identification not possible)), unit (individual, 
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group ≥ 2), and distance to road (0 m, 1 m, 1-5 m, 5 - 10m, > 10m). We included testing sites 
and event ID as random effects: 
response.variable ~ treatment*treatment_days + species  
+ unit + distance_road + (1|Site) + (1|Event) 
 
To test for a reduction in flight initiation distances (H1d), we performed a linear 
mixed-effects model (LMM) using the same explanatory variables. To model a potential 
change in the reaction of animals towards oncoming vehicles, relating to the duration since 
wildlife warning reflectors have been installed (H1e), we modified generalized linear mixed-
effects models to perform a rank-ordered logit model with the order: no visible reaction < 
alarm < locomotion < flight. We included the same explanatory variables as in the previous 
models. Finally, to determine whether the reaction of motorists relates to the presence of the 
reflectors, we also used a rank-ordered logit model (order: no visible reaction < slowing down 
< full break), comparing deer and wild boars. 
Results 
Overall, we analyzed 1,070 events including 1,673 individual animals. We identified three 
different ungulate species (roe deer: N = 843 individuals, fallow deer: N = 268 individuals, 
wild boar: N = 362 individuals). In 200 cases deer species could not further be specified. In 
this study, we did not include other animal species than ungulates. Group sizes varied from 
each other, with slight differences within deer species and large difference between deer 
species and wild boar (mean ± SD for roe deer: 1.95 ± 1.18; fallow deer: 2.62 ± 1.45; deer: 
2.02 ± 1.10; wild boar: 7.28 ± 4.12).  
We found that wildlife warning reflectors could have altered the behavior of an animal in 
1,093 out of 1,673 individual responses (i.e. 65.33%). We examined whether the presence of 
wildlife warning reflectors influenced the road crossing behavior of the animals at side. We 
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found that the presence of reflectors and therefore the duration since installation did not affect 
the road crossings of ungulates while vehicles are approaching (H1a; GLMM: p = 0.948 for 
the treatment control vs. test, and p = 0.617 for the duration of treatment). We found no 
change in positive or negative reactions towards oncoming vehicles when reflectors were 
installed (H1b; GLMM: p = 0.419 for the treatment control vs. test, and p = 0.343 for the 
duration of treatment; Table 4. 3). However, positive reactions correlated positively with the 
distance to the road (GLMM: p = 0.002). This also accounts for flight events (H1c; Table 4. 
3), which decreased with increased distance to the road (GLMM: p < 0.001). Moreover, wild 
boars were more likely to flee compared to the other ungulate species (GLMM: p = 0.003). 
Nevertheless, the presence of wildlife warning reflectors did not influence the flight events 
(GLMM: p = 0.397 for the treatment vs. control, and p = 0.920 for the duration of treatment) 
nor the flight initiation distance (H1d; LMM: p = 0.813 for the treatment control vs. test, and 
p = 0.648 for the duration of treatment). Additionally, none of the other explanatory variables 
affected the flight events or flight initiation distance. 
We tested whether the reaction of animals (H1e; no visible reaction < alarm < locomotion < 
flight) related to the presence of the reflectors (Table 4. 4). We found no change in the 
reaction categories of no visible reaction and alarm when reflectors were attached (GLMM 
rank-ordered logit model: p = 0.882 for the treatment control vs. test, and p = 0.876 for the 
duration of treatment). 
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 We found that animals were more likely to shift from alarm to locomotion when 
reflectors were present (GLMM rank-ordered logit model: p = 0.004 for the treatment control 
vs. test, and p = 0.041 for the duration of treatment). However, this effect decreased with time 
(estimates for the treatment: 19.746; and for the treatment relating to the duration since 
installation: -1.203) and disappeared after 16.5 days. Additionally, the distance to the road 
significantly influenced whether an animal started to move and increased with less distance 
(GLMM rank-ordered logit model: p < 0.001). The subsequent transition from locomotion to 
flight was not significantly affected by any of the explanatory variables (locomotion < flight).  
 Finally, we were interested whether the reflectors influence the driving behavior of 
motorists (H2; no visible reaction < slowing down < full break). We found no evidence that 
wildlife warning reflectors altered the driving behavior of motorists (GLMM rank-ordered 
logit model: no visible reaction < slowing down p = 0.988 for the treatment control vs. test 
and p = 0.814 for the duration of treatment; slowing down < full brake p = 0.279 for the 
treatment control vs. test, and p = 0.512 for the duration of treatment). Moreover, none of the 
other explanatory variables significantly influenced the behavior of motorists. 
Discussion 
We studied the behavioral response of ungulates to oncoming vehicles in relation to wildlife 
warning reflectors and days since installation to evaluate if the reflectors are an effective tool 
to alter the behavior of animals and motorists in the short-term, in order to reduce wildlife-
vehicle collisions. We could not find any significant effect of the reflectors on road crossing 
events, positive or negative reactions to oncoming vehicles, flight events or flight initiation 
distance. Negative reactions and flight events correlated significantly with the distance to the 
road. Moreover, wild boars were more likely to initiate flight when vehicles were approaching 
compared to other ungulate species and ungulates were more likely to elicit dynamic 
responses to oncoming vehicles with reflectors present, which also correlates with the 
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distance to the road. However, this did not influence the risk of wildlife-vehicle collisions. 
Animals were more likely to move when reflectors were present and with decreased distance 
to the road. However, the reflectors did not influence, whether the animals moved in a relaxed 
(locomotion) or in a stressed (flight) manner. This effect decreased over time and disappeared 
after 16.5 days. Moreover, we did not find any significant shift in driving behavior of 
motorists, reducing the risk of wildlife-vehicle collisions. 
 The efficacy of wildlife warning reflectors has been a topic of interest and 
contradictions ever since their first release (e.g. McLain, 1964, Waring et al., 1991, Benten et 
al., 2018). As the reflectors are comparably cost-effective in contrast to most other mitigation 
measures that aim to reduce the number of wildlife-vehicle collisions, manufacturers and few 
studies advertise them as the method of choice to prevent accidents with wildlife (Gladfelter, 
1984, Grenier, 2002, Motzener Wildschutzwarner, 2018). While recently published meta-
analyses on the efficacy of the reflectors, analyzing wildlife accident data in literature 
(Brieger et al., 2016, Benten et al., 2018), as well as a comprehensive study on the inefficacy 
of modern wildlife warning reflectors (Benten et al., in review) give reason to rule out any 
effect of the reflectors on reducing wildlife-vehicle collisions, the rumor of a short-term 
influence of the reflectors on the behavior of animals in the vicinity of roads is still 
circulating.  
Most behavioral studies on the reaction of animals to oncoming vehicles with wildlife 
warning reflectors present could not find any change in behavioral response of the animals in 
the long-term (Griffis, 1984, Zacks, 1986, Sheridan et al., 1991, D’Angelo et al., 2006, Ramp 
and Croft, 2006, Brieger et al., 2017). Only Ujvári et al. (1998) considered a potential effect 
of habituation and analyzed a change in reaction over time. The authors found that the 
reflectors altered the behavior of fallow deer for as long as 17 days, before the animals 
habituated. Interestingly, the only effect of the reflectors on animal behavior we found, to 
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shift from alarm to locomotion, also vanished after 16.5 days. However, this observation is in 
contrast to the manufacturers’ statements that the reflectors cause the animals to increase their 
vigilance and poise their position (Motzener Wildschutzwarner, 2018). Moreover, this effect 
correlates positively with the proximity to the road. The closer the animals were to the road, 
the more likely it was that they showed evasive behavior (alarm > locomotion; flight events) 
and the more likely was a negative reaction, increasing the risk of a collision. Hence, if the 
reflectors lead to an increased locomotion at short distances to the road with simultaneous 
increase in collision risk, animals are more likely to be involved in negative animal-vehicle 
interactions. This was also described by D’Angelo et al. (2006), evaluating white-tailed deer 
(Odocoileus virginianus) behavior in regard to various wildlife-warning reflector models. In 
this study, deer were more likely to react negatively, i.e. increasing the likelihood of causing a 
deer-vehicle collision, when reflectors were attached (D’Angelo et al., 2006). In contrast, 
Riginos et al. (2018) found that deer road-crossing behavior was less risky with reflector 
treatment compared to no reflectors. The authors also found that deer road-crossing behavior 
was least risky when guidance posts were covered with white canvas bags, but reflectors were 
more effective than ‘nothing’. Considering the effect of white canvas bags over reflectors, 
white canvas bags may stand out more clearly from the surrounding landscape than reflectors. 
These ‘novel objects’ may alter the behavior of animals in the beginning, but habituation is to 
be expected (cf. Forkman et al., 2007). 
Besides the ‘novel object’ theory, a lack of reaction to wildlife warning reflectors 
might be explained by the choice of color rather than the potential of reflecting devices per se. 
Whereas humans are trichromatic, perceiving light in the blue, green and red spectrum (Elliot 
et al., 2007), most mammals are dichromatic (e.g. Carroll et al., 2001, Ahnelt et al., 2006, 
Schiviz et al., 2008). Hitherto, only one study evaluated the influence of blue wildlife warning 
reflectors on the reaction of roe deer to oncoming vehicles so far (Brieger et al., 2017). 
However, these authors could not find any shift in behavioral response of roe deer to 
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oncoming vehicles with modern, blue reflectors present. D’Angelo et al. (2006) argued that 
the visual system of nocturnal animals, concomitant with a higher density of rods and a better 
perceptibility of light below 540 nm (Szél et al., 1996, VerCauteren and Pipas, 2003, Hanggi 
and Ingersoll, 2007). Thus, a visual adaptation to rapid increases in light intensity, i.e. vehicle 
headlights, is considerably slower. Moreover, spectrometric analyses of wildlife warning 
reflectors indicated that the light intensity of the reflections to the roadside area is already 
very small at short distances and cross-faded by the vehicle headlights (Sivic and Sielecki, 
2001, Schulze and Polster, 2017).  
As the light intensity of the direct reflection back to the driver is far larger than to the 
road shoulder (Schulze and Polster, 2017) the reflectors could rather influence the behavior of 
vehicle drivers than of animals. While an effect of deer-whistles on motorists’ attention to 
animals near roads, who were knowingly involved in the study, has been reported, resulting in 
a decrease of collisions with wildlife (Zacks, pers. comm., 2015), our results did not indicate 
any effect of the reflectors on drivers. Motorists were either not aware of the presence of the 
reflectors or did not take the reflectors into further consideration. Admittedly, the evaluation 
of the reaction of motorists to the presence of wildlife warning reflectors could need more 
psychological consideration. If the reflectors caused any effect on vehicle drivers that had 
reduced the numbers of collisions with wildlife, this would have been reflected in the studies 
on wildlife-vehicle accident analyses. However, since none of these studies found a reduction 
in collisions numbers (Brieger et al., 2016, Benten et al., 2018, Benten et al., in review), it is 
unlikely that the reflectors influence drivers, leading to a reduction of wildlife-vehicle 
collisions.  
In addition, our data show that wild boars tend to fly earlier than other ungulate 
species. While the social organization of wild boars is centered around female groups 
(Mauget, 1980), and females give birth to large litters (Kaminski et al., 2005), herds of wild 
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boar usually consist of a few adult females and many offspring. Moreover, group sizes of wild 
boars involved in vehicle interactions differ substantially from deer group sizes, although we 
could not find any difference in the reaction for single individuals and more than one 
individual. LaGory (1987) reported that group size may positively affect flight response, 
although this has only been examined for deer, so far. Consequently, the more frequent flight 
events of wild boars probably result in the social structure of the herds and their group size. 
Conclusions 
This study has shown that ungulates did not alter their response to oncoming vehicles far 
enough to reduce the risk of a collision with vehicles when wildlife warning reflectors are 
present, independent of the days since installation. Ungulates were more likely to temporarily 
transit from alarm to locomotion when reflectors were present. However, this effect only 
lasted for 16.5 days and did not influence the risk of a collision with vehicles. Animals, 
especially wild boar, were more likely to initiate flight and to transit alarm to locomotion 
when their distance to the road decreased, independent of the presence of reflectors. Our 
findings are in accordance with other studies showing that the reflectors do not alter animal 
behavior or elicit any reaction that would prevent the risk of collision for long (e.g. D’Angelo 
et al., 2006, Ramp and Croft, 2006, Brieger et al., 2017). Additionally, with respect to the 
spectrometric characteristics of the devices (Sivic and Sielecki, 2001, Schulze and Polster, 
2017), any change in behavioral response with reflectors present might be rather related to the 
‘novel object’ theory than to the physical properties of reflectors (cf. Forkman et al., 2007). 
However, while reflections back to the driver are far larger than to the road shoulder (Schulze 
and Polster, 2017), we did not find any significant change in driving behavior of motorists, 
either. We assume that occasional reductions of wildlife-vehicle collisions after reflector 
installation are more related to chance or to naturally oscillating fluctuations in population 
density (Fryxell et al., 1991), thus, independent of the reflectors. Considering our results and 
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the findings of other studies, we do not recommend wildlife warning reflectors as a tool for 
mitigating wildlife-vehicle collisions on roads. 
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Considering the general objectives of this dissertation: (i) evaluating the contradictions in 
literature and identifying influencing variables on previous study results, (ii) determining the 
efficacy of reflectors to mitigate collisions with wildlife, (iii) comparing the reaction of 
wildlife to oncoming vehicles and the driving behavior of motorists in response to the 
presence of wildlife warning reflectors, and (iv) assessing a potential habituation effect, this 
chapter aims to summarize and to discuss the results of the included studies, while also 
assessing the achievement of the main objectives. 
5.1 Factors influencing the results of studies evaluating the efficacy of wildlife 
warning reflectors  
As mentioned above (Chapter 1.4), a variety of studies on the efficacy of wildlife warning 
reflectors has already been conducted. However, as study results deviate markedly from each 
other it is important to evaluate both: potential reasons for contrasting study results in 
literature (Chapter 2) as well as the efficacy of modern wildlife warning reflectors when 
applying a comprehensive study design (Chapter 3 and 4). 
Due to the comprehensive meta-analysis we were able to identify main factors 
influencing previous study results. The discrepancy of findings in the literature can be partly 
related to shortcomings in the planning and execution of various studies applied. Several 
studies have tested a considerably small sample size only. Moreover, statistical applications 
were often found to be insufficient to enable clear testing of hypotheses. However, both 
aspects are essential to perform an analysis able to provide sufficient evidence. Considering 
the importance of different covariates, the color and the model type of the tested reflectors 
surprisingly showed no significant influence for the efficacy. The regression analysis by 
applying a Boosted regression tree model (BRT) identified (i) the study design applied, (ii) 
the lengths of effective study duration and, (iii) the length of tested road sections as variables 
of highest importance to explain the variance between observed results. The impact of a single 
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treatment in a paired study design can usually be tested by analyzing a population before and 
after a treatment or two very similar populations or locations simultaneously (Morrison et al., 
2010). However, other potential factors influencing a change after implementation, so-called 
confounding variables, might cause a lack of independence that would accrue from different 
levels of single treatments and true replications (Morrison et al., 2010). Therefore, the 
interpretation of experiments applying such study designs can be quite difficult, if 
heterogeneity results in the confounding of experimental errors (Underwood, 1997, Morrison 
et al., 2010). Although the applied statistics might be correct and the null hypotheses can be 
rejected, other influencing factors may predominate over the effect of the treatment, resulting 
in a bias and a misinterpretation of results (Underwood, 1997, Morrison et al., 2010). 
Particularly, studies comparing the number of collisions with wildlife before and after (BA) 
the implementation of wildlife warning reflectors, as well as comparing testing sites with 
control sites (CI) have to be treated with caution, due to discontinuity in time or space. With 
respect to these shortcomings, before-after control-impact (BACI) and cross-over designs 
provide a remedy, as they have the highest inferential strength for assessing impacts on the 
environment (Green, 1979, Underwood and Chapman, 2003, Roedenbeck, 2007).  
In addition to the study designs applied, the BRT model revealed that especially 
studies with short study durations (< 12 months) and short testing site lengths (< 5 km) found 
effects of wildlife warning reflectors in reducing the number of collisions. Considering such 
short study durations, it must be assumed that seasonal variations in wildlife-vehicle collisions 
as well as animal behavior (e.g. rutting season, fawning) cannot have been taken into account. 
Activity patterns of ungulates vary over the year, with peaks during rut and in the darker 
seasons (Allen and McCullough, 1976, Hothorn et al., 2015). Thus, studies including all 
activity periods or at least comparing the same activity period are more likely to include those 
variables that may influence the reaction of ungulates towards approaching vehicles. The 
impact of short testing site lengths might relate to a shift in collision hotspots due to human 
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disturbances or by chance, considering the naturally oscillating fluctuations in population 
density related to hunting effort and food supply (Fryxell et al., 1991). In summary, the 
analysis of literature revealed several co-varying factors which affected the results of reflector 
studies. Accordingly, contradictions in the efficacy of the devices are not surprising given the 
abundance of research methods applied so far. With these results (Chapter 2), we can confirm 
our first two hypotheses: 1a) existing study results can be explained by the specifics of study 
designs, and 1b) a meta-analysis of previous studies identifies minimal requirements for a 
successful study design. 
 
5.2 Visual and acoustic sensitivity of ungulates and spectrometric characteristics of 
the reflectors 
The boosted regression tree model showed that neither reflector type nor reflector color 
explained the variance in the model. In order to assess whether the reflectors are able to 
reduce wildlife-vehicle collisions, it is important to know the effects of the devices and to take 
the visual and acoustic properties of animals into account. In fact, most studies on reflector 
efficacy have examined red or white wildlife warning reflectors only (cf. Benten et al., 2018). 
However, color vision differs strongly between non-human mammalian species and humans 
due to the dichromasy of most non-human mammals. As most ruminant ungulates frequent 
open areas and agricultural fields during night (Mysterud et al., 1999), a higher perception for 
mesopic and scotopic visions below 540 nm (Szél et al., 1996, VerCauteren and Pipas, 2003, 
Hanggi and Ingersoll, 2007) relates to the adaptation of increased vulnerability to predators 
(cf. Hothorn et al., 2015). Additionally, visual systems of nocturnal animals are concomitant 
with a higher density of rods and adapt considerably slower to rapid changes in light intensity, 
such as vehicles’ headlights than diurnal species (D’Angelo et al., 2006). Thus, ungulates 
have one photo-pigment associated with a cone mechanism for short wavelengths with a peak 
between 450 nm and 460 nm (S-cone), and a second photo-pigment associated with a cone 
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mechanism for middle wavelengths with a peak of 537 nm (M/L-cone; Carroll et al., 2001). In 
a multiple choice discrimination test, Japanese wild boar (Sus scrofa leucomystax) 
discriminated between bluish colors but failed to differentiate between colors approaching 
green or yellow (Eguchi et al., 1997). Accordingly, wild boar also lack color sensitivity for 
light of long wavelengths, thus red light with a wavelength of 650 nm exceeds the visible 
range of ungulates (Jacobs et al., 1994, Yokoyama and Radlwimmer, 1998, Pürstl, 2006).  
Although modern wildlife-warning reflectors are already tuned to the shortwave color 
spectrum, we did not find any influence of the reflectors on mitigating wildlife-vehicle 
collisions on roads. This might be explained by the spectrometric properties of the reflective 
devices, since the light intensity of the reflections to the road shoulder is already very low at 
close distances near the devices and overlaid by the headlights of approaching vehicles, which 
applies especially to colored wildlife warning reflectors (Sivic and Sielecki, 2001, Schulze 
and Polster, 2017). Hence, it must be queried whether the light reflected has a sufficient 
intensity to elicit any reaction from animals which may cause to decrease the risk for 
collisions with vehicles.  
Moreover, combining optical and acoustic stimuli, opto-acoustic reflectors emit high-
frequency sounds for 1.5 s with 83 dB at 0.1 m and 4 kHz when light hits light-sensitive solar 
panels. D’Angelo et al. (2007) identified the hearing range of white-tailed deer (Odocoileus 
virginianus) between 0.25 - 30 kHz and a mean frequency-specific hearing threshold of 
minimum 41.9 dB for 4 - 8 kHz. During the installation of the reflectors it could already be 
established that these devices did not only emit high-frequency sounds when car headlights hit 
the solar panels, but also sun rays at a certain angle or slight shaking. This noise emission 
independent of vehicles cannot achieve a stronger impulse for driving vehicles, since animals 
fail to relate the acoustic signals to the approaching vehicles. In fact, vehicles passing by at a 
distance of 10 m already generate a sound pressure level of 75 dB at a frequency of 0.7-1.3 
kHz (Regulation (EU) No. 540/2014). In open land, with no reflecting or absorbing obstacles, 
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sound transmission decreases by 3 dB per doubled distance from the source of sound with 
𝐿2 = 𝐿1 −  |20 ∗ log (
𝑟1
𝑟2
)| , where 𝐿1 is the sound level at reference distance 𝑟1 (usually 1 m) 
and 𝐿2 the sound level at reference distance 𝑟2. Forest cover or other barriers, however, can 
further reduce the sound pressure level of approaching vehicles by 3-5 dB, depending on 
meteorological conditions (Barrier et al., 2000). D’Angelo et al. (2007) argued that, given the 
hearing of white-tailed deer at 30 kHz, ultrasonic devices would need to emit sounds between 
45 – 60 dB to be reliably perceived by deer. According to the manufacturer’s instructions, the 
opto-acoustic reflectors should emit 83 dB at close distance (0.1 m) which expects sound 
intensity to be 43 dB at 10 m and 29 dB at 50 m distance. Whether this is sufficient to prevent 
wildlife from moving towards an approaching vehicle with a minimum of 75 db at 10 m and 
61 dB at 50 m distance remains questionable. Therefore, the inefficacy of the reflectors, both 
the optic and the opto-acoustic, is not surprising, considering the visual and auditory 
properties of animals and the spectrometric and acoustic qualities of the reflectors. With these 
findings (Chapter 3), we can confirm our third and fourth hypotheses: 2a) modern wildlife 
warning reflectors do not reduce wildlife–vehicle collisions by a relevant amount and 2b) 
other environmental variables do not influence the inefficacy of the reflectors, since the 
properties of the reflectors themselves already exclude an efficacy. 
5.3 Hypotheses on psychological theories related to wildlife warning reflectors 
Taken these described physiological and physical principles into account (Chapter 5.2), 
wildlife warning reflectors could have at most an effect on vehicle drivers. Due to their 
reflective properties, the light intensity during direct reflection back to the driver is by far 
larger than for the reflection towards the road shoulder (Schulze and Polster, 2017). However, 
we did not find any change in motorist behavior with reflectors present (Chapter 4). While 
other studies reported a reduction of collisions after implementing different devices, such as 
deer whistles (Zacks, pers. comm., 2015), this finding can more likely be attributed to the 
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‘Hawthorne effect’ (Wickström and Bendix, 2000) than to an efficacy of the devices. This 
effect describes a phenomenon in psychological research, referring to behavioral changes of 
the human subjects due to increased attention and awareness to and by observers or positive 
response to the stimulus introduced. This is independent to the actual influence of the object 
of study (Wickström and Bendix, 2000). Actually, humans may easily habituate to stimuli 
along roads, such as road signs (Huijser et al., 2007) and a habituation to the presence of 
wildlife warning reflectors can be assumed due to their omnipresence in the traffic landscape 
as well. However, the evaluation of motorists’ reaction to reflectors could be further analyzed 
by considering thorough psychological studies. Nevertheless, since the presence of wildlife 
warning reflectors did not alter the frequencies of wildlife-vehicle collisions, an effect on the 
behavior of vehicle drivers appears to be rather unlikely.  
Moreover, we did not find any behavioral change of ungulates with reflectors present, 
neither on the short nor on the longer term, that would lower the risk of a collision with 
vehicles. This result is consistent with most other studies on the behavior of animals with 
reflectors present (e.g. D’Angelo et al., 2006, Brieger et al., 2017). There is only one study 
available that points to a potential initial effect of the reflectors on fallow deer which 
diminished over time (Ujvári et al., 1998). However, considering the physical properties of 
red reflector devices used in this study, an initial effect can be rather explained with the ‘novel 
object’ theory than with the operative effect of the reflectors themselves. As wild animals 
would avoid or fear novel stimuli in their familiar environment (Barnett, 1958, Cowan, 1976, 
1977, Harris and Knowlton, 2001), a repellent or restrained reaction of animals to such novel 
objects is to be expected, but is independent of the reflective properties of the devices. In this 
regard, Riginos et al. (2018) found that wildlife warning reflectors were more effective than 
black canvas bags for manipulating the deer–road-crossing behavior and reducing carcass 
rates. However, white canvas bags were still found to be more effective than wildlife warning 
reflectors. Since white canvas bags stand out more from the surrounding landscape than the 
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reflectors, animals might perceive them more easily than the reflectors. However, since we 
did not find any behavioral change of animals with reflectors present that would lower the risk 
of collisions, ungulates may either already be habituated to the devices or do not longer notice 
such comparably small novel objects in our complex, ever more densely populated 
environment. Furthermore, behavioral reactions may relate to other, confounding factors that 
occurred unconsciously, but were not further considered, like a high degree of human 
disturbances caused by weekly to biweekly covering and uncovering of reflectors and 
guidance posts by Riginos and colleagues. Considering our results (Chapter 4) we can reject 
our hypotheses on animal and human reaction to wildlife warning reflectors: ungulates did 
not: 3a) decrease road-crossing events, 3b), increase positive compared to negative reactions 
when vehicles approach, 3c) decrease flight events, 3d) decrease flight initiation distances, 
and they did also not 3e) shift their behavioral response to alarm. Additionally, 3f) motorists 
did not slow down or stop more often with reflectors present. 
According to the general requirement of wildlife-vehicle collision prevention, it 
appears to be of secondary interest whether reflectors affect the behavior of animals or 
humans because of their physical characteristics or their novelty. However, regarding the 
constant collision numbers (Chapter 3) in comparison to observations with and without 
reflectors present (Chapter 4), an efficacy of these devices can be ruled out on the basis of the 
thesis at hand. Nevertheless, the assumption of reflectors’ efficacy is widely accepted and 
appears to be highly persistent. This might be partly caused by prejudices and well-
established opinions by authors and hunters. Konings (1986) evaluated the efficacy of Van de 
Ree warning reflectors on collisions induced by the European badger. While no effect of the 
reflectors on road side behavior of badgers was found, local road managers were positive 
about the functionality of the devices, despite the lack of evidence. Anecdotal reports on the 
effect of wildlife warning reflectors, either on animal behavior or on the number of wildlife-
vehicle collisions (e.g. Gladfelter, 1984, Olbrich, 1984, Koninigs, 1986, Hildebrand and 
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Hodgson, 1995, Pafko and Kovach, 1996, Grenier, 2002), are widespread, even if scientific 
proof is missing (cf. Brieger et al., 2016, Benten et al., 2018).  
According to a recent study by Trothe et al. (2017), articles in non-scientific journals 
primarily addressing hunters - the main customers of wildlife-warning reflectors in Germany - 
promote the efficacy of wildlife warning reflectors (e.g. Preuin, 2018, Viehmann, 2018). 
Taking the preconditions for studies on implementation effects into account (Chapter 5.1), the 
evaluation of reflector efficacy lacks standards of scientific requirements. Although the results 
of this study should be impugned, it finds broad acceptance along the providers of wildlife 
warning reflectors. This persistence of opinion, the so-called ‘belief perseverance’, has been a 
subject of interest in psychology, stating that participants tend to retain their first opinion even 
if they were confronted with a lie or with conflicting scientific data (e.g. Anderson 2007, 
Greitemeyer 2014). This phenomenon can be referred to the debate on wildlife-warning 
reflectors efficacy. For example, Gladfelter (1984) and Hildebrand and Hodgson (1995) 
concluded that the reflectors were effective in reducing collision numbers, although their data 
provided show the opposite (Chapter 2). It is more likely that occasional ‘reductions’ relate to 
natural fluctuations in population densities, as described above (Chapter 5.1). 
5.4 Animals reaction to oncoming vehicles 
As discussed in the previous chapters, we were able to confirm our hypotheses on the 
inefficacy of wildlife warning reflectors (Chapter 3) and reject all of our hypotheses 
addressing a potential behavioral response of animals and motorists with reflectors present 
that might lower the risk of a collision with one another (Chapter 4). To find a reliable, 
applicable and practical solution for preventing collisions with wildlife, it is fundamentally 
important to understand the behavior and threat assessment of animals to oncoming vehicles 
in general. While humans may habituate to various stimuli rather quick due to a fast-moving 
environment, wild animals must keep their attention to certain sources of danger ubiquitous. 
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Since predator recognition and threat assessment are crucial for the survival of animals, 
developing sophisticated strategies for avoiding natural predation as well as other sources of 
mortality is of great importance for individuals. This assessment includes a variety of 
modalities, such as visual, auditory and olfactory cues, or a combination of them (Caro, 
2005).  
Since man-made causes of mortality don’t resemble known predators, and wildlife-
vehicle collision numbers are high, it is often argued that vehicle traffic might be an 
evolutionary novel threat for terrestrial animals and a strategy for avoidance has not been 
developed yet (cf. Lima et al., 2014). However, the ability of an animal to identify causes of 
danger and mortality will likely trigger some kind of anti-predator behavior (Lima et al., 
2014), including increased vigilance or moving away from the source of danger (Blumstein et 
al., 2001). Other studies concluded that human activities when unpredictable and infrequent 
increase the levels of flight distances, which decreases with predictable disturbances, such as 
vehicle traffic (Miller et al., 2009). Alternatively, prey species may use the proximity to 
humans, including road traffic, to avoid predation (Frid and Dill, 2002, Berger, 2007), 
reducing their vigilance near roads and increase foraging behavior (Brown et al., 2012, 
Shannon et al., 2014). This ‘risk allocation hypothesis’ suggests that animals spend less 
energy and time on anti-predator behavior when sources of danger occur for long periods and 
frequently, such as vehicle traffic, compared to intervals that are short and irregular to avoid 
disadvantages in lost foraging (Lima and Bednekoff, 1999, Brown et al., 2012). Hence, 
evaluating ‘positive’ and ‘negative’ reactions of ungulates towards approaching vehicles 
showed that animals avoid collisions with vehicles in most situations by reacting 
appropriately to the oncoming source of danger. When analyzing 1,673 individuals involved 
in animal-vehicle events, only 3 individuals were actually hit by a vehicle in the frame of this 
project. Thus, high numbers of collisions with wildlife might rather be related to frequent 
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road-crossing events and high numbers of wildlife density than to poor risk assessment of the 
animals themselves. 
5.5 Critical review of the methods applied 
For evaluating the efficacy of wildlife warning reflectors, various methods have been applied 
in this thesis. We provided an extensive overview over literature and meta-analyzed data 
addressed in previous studies (Chapter 2). However, while we were able to obtain a large part 
of the original studies, we had to be satisfied with the secondary source for few other 
publications, although this did not affect the analysis of the data addressed.  
Furthermore, for the testing of modern wildlife warning reflectors (Chapter 3) we 
selected 151 testing sites á 2 km with the highest numbers of wildlife-vehicle collisions 
reported by the police in four different counties. However, due to the large spreading of 
wildlife warning reflectors, it was not always possible to take sections with the actual highest 
occurrence of wildlife-vehicle collisions into account, as modern reflectors had already been 
installed frequently. The inclusion of an even larger study area with more counties involved 
would probably have improved the access to a higher number of wildlife-vehicle collision 
hotspots without modern reflectors attached. However, this would have been difficult to 
implement because of logistical and personnel reasons. Managing four counties including 
police, hunting and road authorities has already been very extensive. However, the presence 
of already existing modern reflectors within collision hotspots further points for the inefficacy 
of these devices.  
Additionally, data quality on wildlife-vehicle collisions has been demonstrated to 
influence the outcome of study results on the efficacy of wildlife warning reflectors, as 
demonstrated in Chapter 2. While we decided to consider data provided by local police 
departments (Chapter 3), we also tried to collect data by local hunting tenants that were not 
reported by the police in order to get a most detailed overview of actual wildlife-vehicle 
CHAPTER 5            SYNOPSIS 
126 
collisions. However, the feedback by hunters was very low, which indicates that unreported 
collisions were very few. Therefore, we did not pursue this issue any further. In this regard, 
our attempt to collect data on hunting efforts, hunting devices and other factors influenced by 
local hunters has experienced the same low feedback. Addressing hunting-related factors 
would have been highly valuable in order to evaluate anecdotal reports on the efficacy of the 
reflectors (Chapter 5.3) with an adaptation in hunting strategies. Some local hunting tenants 
reported their positive experiences with blue wildlife warning reflectors on reducing collisions 
with wildlife. However, when we enquired further information on spatial conditions or 
comprehensive measures of collision prevention, clear-cuttings, increased hunting effort or 
similar management issues alongside roads became apparent to have occurred simultaneously. 
These measures are more likely to have influenced wildlife abundancies, behavior and finally 
wildlife-vehicle collisions. Hence, the reported ‘success’ cannot be distinctly ascribed to the 
use of reflector devices.  
Furthermore, analyses of the behavior of wildlife provided further insights into the 
reaction of ungulates towards oncoming vehicles (Chapter 4). However, an additional 
installation of microphones would probably have provided a clearer picture of when an 
approaching vehicle was actually perceptible for the animals, i.e. audible, at the respective 
section, including all environmental and landscape-related factors that influence the transition 
of sound. However, since collision numbers did not change at all, this part of research would 
be more relevant for a general study on the reaction of wildlife to oncoming vehicles. Finally, 
a quantification of the velocity of vehicles observed was not feasible with respect to the 
technical possibilities. This information would probably have provided a clearer picture on the 
reaction of motorists during a wildlife-vehicle event. 
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5.6 Conclusions 
Measures to mitigate collisions with wildlife are often accompanied by high costs in 
construction and maintenance (Falk et al., 1978, Putman, 1997, Clevenger et al., 2001, Mastro 
et al., 2008, Chapter 1.3) or have not been proven without doubt, e.g. olfactory deterrents 
(Elmeros et al., 2011, Bíl et al., 2018). So far, wildlife warning reflectors have been a subject 
of discussion because of contradictory results in studies on their efficacy. The thesis at hand 
was finally able to show that wildlife warning reflectors are not suitable for preventing 
collisions with wildlife. We could confirm our first two hypotheses (Chapter 2) stating that 
1a) existing study results can be explained by the specifics of study designs and, 1b) a meta-
analysis of previous studies identified minimal requirements for a successful study design. 
Moreover, we could confirm out third and fourth hypotheses on the inefficacy of the reflectors 
(Chapter 3), stating that 2a) modern wildlife warning reflectors do not reduce wildlife–vehicle 
collisions by a relevant amount and, 2b), other environmental variables do not influence the 
inefficacy of the reflectors. Since some studies and hunters reported a temporary effect of the 
reflectors on animals, and potentially also motorists, we evaluated the reaction of ungulates 
and drivers with and without reflectors to one another. We were able to reject all hypotheses 
on a potential influence of the reflectors on ungulates or motorists that would reduce the risk 
of wildlife-vehicle collisions (Chapter 4), i.e. that 3a) ungulates did not change road-crossing 
events, 3b) ungulates did not change positive compared to negative reactions when vehicles 
approach, 3c) ungulates did not change the frequency of flight events, 3d) ungulates did not 
change flight initiation distances, and 3e) ungulates did not shift their behavioral response to 
be more alarmed. Finally, in accordance with hypothesis 3f), motorists did not slow down or 
stop more often when reflectors were present. Considering studies on the visual abilities of 
non-human mammals as well as the reflective properties of the reflectors, a potential efficacy 
of the reflectors is questionable anyway. Based on our results, we conclude that wildlife 
warning reflectors are not effective for mitigating wildlife-vehicle collisions on roads. 
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5.7 Outlook for future work on wildlife-vehicle collision prevention 
Risk assessment for collisions with ungulates show that a variety of road-related, species-
specific and landscape-specific factors influence the occurrence of wildlife-vehicle collisions 
(Chapter 1.2, reviewed in Gunson et al., 2011). While road-related characteristics, such as the 
number of lanes or road width increase the occurrence of collisions with wildlife, their 
adaptations favoring a reduction in collision numbers would only be possible during the 
process of road planning and renovation (Hubbard et al., 2000, Grilo et al., 2009). 
Additionally, a reduction of vehicle traffic, speed limit or wildlife density is unlikely due to 
the need for transportation and cultural constrains (Chapter 1.3). Moreover, targeted 
technologies to detect wildlife in the vicinity of the road, as given by the use of thermal 
camera imaging in vehicles (Adams, 2017), will likely take several decades until the majority 
of vehicles on roads are equipped with these techniques. Therefore, one future goal should be 
the identification of other more precise landscape and land-use related factors for wildlife 
management and wildlife-traffic conflict prevention.  
According to the foraging habits of ungulates (Chapter 1.6), collision hotspots 
involving these species were found to occur more often on roads surrounded by shrub cover 
and deciduous forest, but also forest habitats and a combination of wooded areas and open 
land increase the probability of collisions (Malo et al., 2004, Gunson et al., 2009, Gunson et 
al., 2011, Zuberogoitia et al., 2014, Seidel et al., 2018). Reducing the attractiveness of the 
roadside vegetation has already been suggested to decrease the foraging of animals near roads 
and to reduce deer-related collisions (Feldhamer et al., 1986, Rea, 2003, reviewed in Gunson 
et al., 2011). Forests, forest patches, or trees outside forests are long–lasting, while 
management actions take a long time to recover and cannot be implemented in the short term 
(Bashore et al., 1985, Hubbard et al., 2000, Thompson et al., 2003, Malo et al., 2004, 
Chazdon, 2008, Seidel et al., 2018). Since these landscape elements are important for both 
humans and wildlife, for noise insulation, shelter and foraging for animals, clear-cuttings 
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might be an option, but should be treated with caution. Therefore, it is promising to put the 
focus on short-termed and more flexible types of roadside vegetation, such as arable land with 
different cultivated crop species.  
While Hubbard et al. (2000) and Seiler (2005) found that the proportion of crop fields 
and agriculture decreases the probability of collisions with white-tailed deer or moose (Alces 
alces), Zuberogoitia et al. (2014) showed that roadside shrub cover increases the risk of 
collisions with wild boar. Wild boars frequent open areas, such as agricultural fields and 
grassland, to search e.g. for invertebrates and roots, while they prefer to rest in forest or shrub 
areas (Thurfjell, 2011, Colino-Rabanal et al., 2012, Zuberogoitia et al., 2014). The same is 
true for deer which switch back and forth between shelter and food sources (Torres et al., 
2011). Zuberogoitia et al. (2014) suggested that “road side vegetation management can 
provide a short to medium-term option to manage risk and guide animals to safe crossing 
areas”. Although agricultural land-use dominates landscapes in many parts of the world 
(Holzkämper and Seppelt, 2007), the influence of different cultivated crop species on the 
occurrence of wildlife-vehicle collisions has scarcely been studied. This probably points to the 
difficulty of obtaining comprehensive spatial data on the cultivation of crops. So far, only 
Colino-Rabanal et al. (2012) analyzed the relation between common maize (Zea mays) and 
wild boar-vehicle collisions and suggested a compensation system to farmers “for not planting 
maize near the road, rather than to cover the economic damage derived from wild-boar-
vehicle collisions”. As comprehensive spatial data have recently become available and 
accessible because of the Common Agricultural Policy regulation of the EU, future research 
should provide a more detailed picture on the influence of certain crop species on the 
occurrence of collision hotspots in space and time considering various wildlife species in 
order to mitigate wildlife-vehicle collisions. 
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